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Introduction

Gene therapy holds great promise for treatment of breast cancer (1, 2). In particular,
clinical trials are underway to apply therapeutic genes related to pro-drug activation or
modulation of the activity of oncogenes by blocking promoter sites. However, there are major
problems in terms of assessing the delivery to target tissue, assessing the uniformity (versus
heterogeneity) of biodistribution, and determining whether the genes are expressed. We proposed
to design, evaluate and apply a novel approach to gene activity detection- specifically, using
fluorinated substrates of [(-galactosidase to reveal gene activity. Our prototype molecule
PFONPG (para- fluoro- ortho- nitro- phenyl B-D-galactopyranoside) is a direct analog of the
traditional “yellow’ biochemical indicator ONPG (ortho- nitro- phenyl B-D-galactopyranoside)..
We synthesized analogs of this prototype to optimize MR and biological characteristics and
explore the feasibility of tailoring the reporter to specific applications, €.g., exploiting [-gal
activity to deliver specific physiological reporter molecules such as pH and potentially specific
cytotoxic agents. The agents were tested in solution, applied to cultured breast cancer cells, and

ultimately used to reveal 3-gal activity in vivo in transfected breast tumors in mice.



Body

Task 1 Synthesize novel molecules to report activity of the B-galactosidase gene- minimum
8 novel agents: completed Year 1.

We successfully synthesized twelve simple novel fluorine substituted phenylgalactosides,
as potential '’F NMR reporter molecules for B-galactosidase activity. These all include an
aglycone with a fluorine atom of trifluoromethyl group sensitive to B-gal activity. Approaches

and results have been published in two primary manuscripts (3, 4) and in two reviews (5, 6).

1 “A Novel NMR Platform for Detecting Gene Transfection: Synthesis and Evaluation of
Fluorinated Phenyl B-D-Galactosides with Potential Application for Assessing LacZ
Gene Expression”, J. Yu, P. Otten, Z. Ma, W. Cui, L. Liu, R. P. Mason, Bioconjug.
Chem. 15 (6): 1334-1341 (2004),

2 “Synthesis and Evaluation of Novel Enhanced Gene Reporter Molecules: Detection of 3-
Galactosidase Activity Using ""F NMR of Trifluoromethylated Aryl B-D-
Galactopyranosides”, J. Yli, L. Liu, V. D. Kodibagkar, W. Cui, R. P. Mason, Bioorg.
Med. Chem., 14, 326-33 (20006).

3 “IF: a versatile reporter for non-invasive physiology and pharmacology using magnetic
resonance”, J. Yu, V. D. Kodibagkar, W. Cui, R. P. Mason, Curr. Med. Chem. 12 (7)
819-848 (2005) + cover figure and editorial

4 “Non-invasive physiology and pharmacology using '°F magnetic resonance” J-X. Yu, W.

Cui, D. Zhao, and R. P. Mason, Adv. Fluorine Chem., in the press 2007

The results are also summarized below. Molecular structures are in Figures 1 and 2.
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Figure 1. The reactions and structures of 1~22 (fluorophenylgalactosides) (4).

Reaction conditions: (a) CH,Cl,-H,0O, pH 8~9, 50 °C, TBAB, ~1 h, near quantitative yield; (b)
NH;-MeOH, 0 °C—r.t., 24 h, quantitative yields. R groups are defined in chart below



Compounds R R> R3
2,9, 16 NO; F H
3,10, 17 NO; H
4,11,18 H NO;
5,12, 19 H H
6, 13, 20 F H
7,14, 21 Cl F H
8, 15, 22 Br F H

AcO

AN S NAVEas

Figure 2. The reactions and structures of trifluorophenylgalactosides with structures defined

below (3) .

Reaction conditions: (a) CH,Cl,-H,O, pH 8~9, 50 °C, TBAB, ~1 h, near quantitative yield

except 13 in only 20% yield; (b) NH3-MeOH, 0 °C — r.t., 24 h, quantitative yields.
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Task 2 Characterize novel agents (NMR, mass spec, colorimetric analysis): completed
Year 1.

Each of the molecules described in Task 1 was fully characterized and structure validated
by mass spectrometry, high resolution NMR, and other techniques, as appropriate. Details are

provided in manuscripts 1 and 2 listed as for Task 1 (3, 4) and representative results follow:

Fluorinated phenyl B-D-galactopyranoside tetraacetates 9-15.

General procedure (Fig. 1). A solution of 1 (1 mmol; 2, 3, 4, 6-tetra-O-acetyl-a-D-

galactopyranosyl bromide, Sigma) in CH,Cl, (5 ml) was added dropwise to a vigorously stirred
solution of fluorophenol 2 - 8 (1.2 mmol) and tetrabutylammonium bromide (0.48 g, 1.5 mmol)
in H,O (5 ml; pH 8~9) at 50 °C in 3-neck round-bottom flask equipped with condenser and
thermometer. After TLC showed complete reaction (~1 h) the organic layer was separated,
washed, dried, evaporated under reduced pressure and recrystallized (EtOH-H,O) or purified by
column chromatography on silica gel to give fluorinated aryl -D-galactopyranoside tetraacetates
9 - 15, as white crystals.

2-Nitro-4-fluorophenyl 2, 3, 4, 6-tetra-O-acetyl-B-D-galactopyranoside 9 (0.5 g, 99%),
R¢0.31(3:2 cyclohexane-EtOAc), og: 7.55(1H, dd, J=3.0, 8.4 Hz, Ar-H), 7.42(1H, dd, J=4.8, 9.0
Hz, Ar-H), 7.27(1H, m, Ar-H), 5.04(1H, d, J,,=7.8 Hz, H-1), 5.52(1H, dd, J,3=8.4 Hz, H-2),
5.11(1H, dd, J;4=3.0 Hz, H-3), 5.47(1H, d, J45=2.6 Hz, H-4), 4.07(1H, m, H-5), 4.26(1H, dd,
Js6a=4.2 Hz, Jeasb=11.4 Hz, H-6a), 4.17(1H, dd, Jss,=5.4 Hz, H-6b), 2.20, 2.14, 2.07, 2.02(12H,
4s, 4xCH3CO)ppm; d¢: 170.43, 170.31, 170.24, 169.62(4xCH3CO), 157.70(d, Jr.c=164.8 Hz,
Ar-C), 145.66(Ar-C), 141.86(d, Jr.c =5.7 Hz, Ar-C), 122.68(d, Jp.c=4.9 Hz, Ar-C), 120.77(d, J¢.
c=15.2 Hz, Ar-C), 112.60(d, Jr.c=18.3 Hz, Ar-C), 101.40(C-1), 68.01(C-2), 70.63(C-3),
66.86(C-4), 71.58(C-5), 61.45(C-6), 21.25, 21.10, 20.38, 20.25(4xCH3;CO)ppm; HRMS:
[M+Na]", C20H,,NO,FNa, Calcd: 510.1024, Found: 510.1014; [M+K]", C2H,,NO,FK, Calcd:
526.0763, Found: 526.0751.

Fluorinated aryl B-D-galactopyranosides 16 - 22. General procedure---- A solution of
fluorophenyl 2,3.,4,6-tetra-O-acetyl-B-D-galactopyranoside (9 - 15) (0.4 g) in anhydrous MeOH

(15 ml) containing 0.5M NH3 was vigorously stirred from 0 °C to room temperature overnight



until TLC showed complete reaction. Following solvent removal in vacuo, chromatography on
silica gel (EtOAc/MeOH) afforded the free galactopyranosides 16 - 22 in near quantitative yield,
as white crystalline materials

2-Nitro-4-fluorophenyl B-D-galactopyranoside 16, Ry 0.40(1:9 MeOH-EtOAc), on:
7.84(1H, dd, J=2.8, 8.0 Hz, Ar-H), 7.53(1H, ddd, J=1.6, 1.0, 2.8 Hz, Ar-H), 7.43(1H, dd, J=4.4,
9.2 Hz, Ar-H), 4.96(1H, d, J,,=7.6 Hz, H-1), 3.60(1H, dd, J,5=10.6 Hz, H-2), 3.51(1H, dd,
J34=5.2 Hz, H-3), 3.47(1H, d, J45=5.6 Hz, H-4), 3.43(1H, m, H-5), 3.67(2H, m, H-6), 5.16(1H,
d, Ju2.0n2=5.2 Hz, HO-2), 4.67(1H, d, Ju.30n-3 =4.4 Hz, HO-3), 4.90(1H, d, Jy.401-4=6.0 Hz,
HO-4), 4.67(1H, t, Juson6=5.2, 5.4 Hz, HO-6)ppm; d¢c: 155.41(d, Jp.c=239.6 Hz, Ar-C),
146.19(d, Jp.c=3.1 Hz, Ar-C), 140.17(d, Jr.c = 9.1 Hz, Ar-C), 120.91(d, Jr.c=22.1 Hz, Ar-C),
119.03(d, Jr.c=7.7 Hz, Ar-C), 111.89(d, Jr.c =27.5 Hz, Ar-C), 101.65(C-1), 70.07(C-2), 73.37(C-
3), 68.06(C-4), 75.87 (C-5), 60.33(C-6)ppm; HRMS: [M+Na]’, C;;H;s;NOgFNa, Calcd:
342.0601, Found: 342.0589; [M+K]+, CioH14NOgFK, Caled: 358.0341, Found: 358.0328.

The titration curve of each aglycone was analyzed, as presented in Figure 3 and Table 1.
Although there were eight product aryl galactosides, one comprised o and B anomers, so that

there are 7 aglycones for assessment.

Titration Curves of the aglycones 2~8
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Figure 3 Y*F NMR chemical shift pH titration curves of 2-8 in saline at 25 °C, summarized in
Table 1
Table 1 "’F NMR pH characterization of aglycones at 25 °C

Compd. 2 3 4 5 6 7 8
pKa 6.87 6.03 5.44 8.33 9.80 8.31 8.28
8(acid) 4444 5877 5807  -6233  -4933 4732 -47.40
S(base) 5576 -61.01  -5739  -62.04  -57.72 5540  -55.45
A8(ppm) 11.32 2.24 0.68 0.29 6.39 8.08 8.05

Task 3 Test agents for enzyme activity in solution: completed Year 1.

Each of the agents was evaluated for B-gal enzyme activity. Details are provided in
manuscripts as for Task 1 (3, 4) and summarized in Figure 4 and Table 2 below. All B-anomers
were substrate for B-gal, whereas the a-anomer 18B was not cleaved.

As a further test of enzyme/substrate specificity B-galactosidase was added to a mixture
of 2-nitro-4-fluorophenyl B-D-glucopyranoside (PFONPGu) and 2-nitro-4-fluorophenyl [-D-
galactopyranoside (PFONPG). While the B-galactopyranoside was fully cleaved within 10 mins,
no activity was seen for the B-D-glucopyranoside (Figure 5). The para fluoro glucopyranoside
and galactopyranoside were barely resolved, but noting the range of chemical shifts of substrates,
we also compared 2-nitro-4-fluorophenyl B-D-glucopyranoside (PFONPGu) and 4-nitro-2-
fluorophenyl B-D-galactopyranoside (OFPNPG). Now substrates were well resolved. As before,
the B-galactopyranoside was readily cleaved (< 10 mins; Figure 6). Six hours later some [-D-
glucopyranoside was seen to be cleaved. We also sought to test f-galactopyranoside with f3-

glucosidases, but have not been able to find any which are active in the physiological range.



Table 2. °F chemical shifts (ppm) of 16 - 22 before and after the hydrolysis by p-gal”

Compd. 16 17 18A  18B 19 20 21 22
Sk (substrate) 42.87 -54.93 -50.67 -4937 -58.74 -4587 -43.56 -43.82
SF(product) 5271 -61.04 -58.67 6230  -49.59 -48.13  -48.24
Observed AS: | 9.84 611  8.00 356 372 457 442
Min A8 1,57 384 672 3.3 346 376 3.58
Max A8 12.89  6.11 8.1 359 1185 11.84  11.63

* B-gal (E801A, 20 units at 37°C in 0.1M PBS, pH 7.4).

Relative Concentration (%)

a anomer

x—1—1\

Time (s)

—— 16 —— 17 —A— 18A —A—18B —©0—19 —0—20 —X—21 —@— 22

Figure 4 Hydrolysis time courses of the fluorinated phenyl D-galactopyranoside 16-22 (15

mmol) by B-gal (E801A, 20 units) in PBS (0.1M, 0.6 ml) at 37 °C
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SR e S
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Figure 5. Testing substrate specificity. Para-fluoro-ortho-nitro aglycones conjugated with
glucose (PFONPGu) or galactose (PFONPG) were evaluated by '"F NMR with respect to
addition of B-galactosidase. PFONPGu (2.9 mg, 9.1 mmol) and PFONPG (3.0 mg, 9.4 mmol) in
PBS (0.1 M, pH 7.4, 600 uL) at 22°C with respect to addition of B-gal (E801A, 10 uL, 1
unit/ul). PFONPG was cleaved rapidly whereas PFONPGu showed no change.
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Figure 6. Comparing substrate specificity. OFPNPG (2.2 mg, 6.8 mmol) plus PFONPGu (2.5
mg, 7.7 mmol) in PBS (0.1 M, pH 4.5, 600uL) at 37°C with addition of -galactosidase (G5160,
15 uL, 38 units/100ul). The glucoside reacted very slowly.

12



Task 4 Test initial indicators in cultured breast cancer cells (control + transfected):
completed in Year 2.

We had expected to be able to readily acquire -gal expressing breast tumor cells from
tissue banks, but available cells were found to exhibit very low expression. Thus, in year 1 we
were forced to undertake tests in PC3, LNCaP, MAT-Lu, and 9L glioma cells expressing [3-gal.
Establishing high expressing lacZ (B-gal) breast cancer cell lines became a high priority and Dr.
Liu established several tumors in our laboratory (e.g., MTLn3-lacZ, MCF7-lacZ). Results were
published in the papers mentioned for Task 1 together with additional papers (3, 4, 7, 8).

5 “A novel NMR approach to assessing gene transfection: 4-fluoro-2-nitrophenyl-f3-D-

galactopyranoside as a prototype reporter molecule for (-galactosidase”, W. Cui, P.

Otten, Y. Li, K. S. Koeneman, J. Yu and R. P. Mason, Magn. Reson. Med., 51, 616-20
(2004)

6 “Imaging B-galactosidase activity using '°F CSI of lacZ gene-reporter molecule 2-fluoro-
4-nitrophenol-B-D-galactopyranoside (OFPNPG)” V. D. Kodibagkar, J. Yu, L. Liu, H.
Hetherington, R. P. Mason Magn. Reson. Imaging 24: 959-962 (2006)

Initially we established stably transfected rat MTLn3-lacZ and their activity was described in Yu
et al. Bioconjug. Chem. (2004) (4) and shown in Figure 7, but activity was low. Much higher
activity was achieved in MCF7 cells (Figure 8)
Figure 7 Hydrolysis  of
2-fluoro-4-nitrophenyl-p-D-
galactopyranoside (open
symbols)  to  2-fluoro-4-
nitrophenol (solid symbols) by
stably transfected rat breast
tumor MTLn3-lacZ (9.8x10°)
0 5 10 15 20  in PBS at 37 °C.

Time (h)

Relative Concentration (%)

Characterization and use of the new transfected MCF7 cells follows.
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lacZ Gene 3.7kb

lacz
7.9Kb

MCF7 wild type cells MCF7 /lacZ cells MCF7 /lacZ cells
(X-Gal, x100, no color) (X-Gal, 100, blue stain)  (S-Gal, x100, black stain)

MX¥7//acZ cells beta-gal assay

p-gal

beta- gal Munit

Actin

Western blot
1,3,5 for MCF7 wt cells, 2,4 for MCF7/lacZ cells

cd Is nue (X0°)

Figure 8 Stable expression of B-gal MCF7 cell lines. The phCMV/lacZ plasmid map is top left.
MCF7-lacZ cells were stained using X-Gal (blue) and S-Gal (black), MCF7 wild type cell did
not stain (no color). More than 90% MCF7-lacZ cells were stained after passage for 30
generations. LacZ gene expression in stably MCF7-lacZ cells was confirmed by -gal assay and
Western blot. The definition of B-gal unit is that one unit will hydrolyze 1.0 pmol of o-
nitrophenyl B-D-galactoside (OFPNPG) to o-nitrophenol and D-galactose per min.

The cells showed activity on the '’F NMR reporters (Figure 9), but we have found some
toxicity associated with the nitrophenol aglycones (Figure 10). This set a foundation for gene
activated broad spectrum chemotherapy, which was further evaluated in Task 8. We found that
the toxicity of the aglycone was masked in the conjugate substrate for wild type cells, but
toxicity occurs in 3-gal expressing cells (Figure 10). This prompted us to seek less toxic agents

as part of Task 5.
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Figure 9. *°F NMR spectra of PCF;ONPG (1.4 mg, 4.5 mmol) and PFONPG (6.0 mg, 18.8

mmol) showing simultaneous hydrolysis by stably transfected MCF7-lacZ cells (1.75x10°) in

PBS (0.1M, pH

7.4, 600uL) at 37 °C. Each spectrum acquired in 51 s.
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Task 5 Scale up synthesis of most promising indicator for animal investigations:
completed in Year 2.

Synthesis of reporter molecules was scaled up to provide materials for in vivo evaluation.
In particular, Dr. Yu developed novel synthetic strategies, which gave higher yields and fewer
synthetic steps. As described in Yu et al. Bioconjug. Chem. (2004) (4) the use of phase transfer
catalysis provided high yields, high stereo specificity, and mild reaction conditions for the
synthesis of the fluorophenyl p-D-galactopyranosides. Optimization of procedures was
particularly significant for the second generation reporter molecule GFPOL (Figure 11) (9),
which was developed to exhibit lower toxicity, as described in
“Synthesis and Evaluation of a Novel Gene Reporter Molecule: Detection of (-galactosidase
activity Using '°F NMR of a Fluorinated Vitamin By conjugate J. Yu, Z. Ma, Y. Li, K. S.
Koeneman, L. Liu, R. P. Mason, Med. Chem. 1(3) 255-262 (2005)

The overall yield of the original five-step route was ~3% (Scheme 1, below). A revised
strategy gave 68% overall yield (Scheme 2) and direct galactopyranosylation using 2, 3, 4, 6-
tetra-O-acetyl-a-D-galactopyranosyl bromide and phase-transfer catalysis gave (88%) (Scheme
3).

HsC
OATCHQ,

OAc 0 o (o]
| X
Ac OAc &

HiC”™ "N~ °F
1, FPOL 4

OA
(o4 O o
| X OR
<—
A° OAc
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Scheme 1

16



1, FPOL -
SS:EZC R = Ac

GrPOL R <d°
OH
peai I(f
Z
He” N

1, FPOL

Scheme 2

/

5R=AC R, = .

b 6R =R, =Ac
|~ GFPOLR= Rl—tlb

Scheme 3
Figure 11 Synthetic approaches to GFPOL

Task 6 Evaluate in mice (constitutively expressing B-gal ROSA animals); test
dosing protocols, timing, MR detection protocols: completed in Year 3.

We found that administration of PFONPG  (4-fluoro-2-nitrophenol-B-D-
galactopyranoside) to ROSA mice caused rapid death. We believe this was due to release of
toxic aglycone (nitrophenol) causing rapid depolarization of the heart. Indeed, perfusion of a
heart with the PFONP aglycone caused immediate cardiac arrest. However, we were able to
show effective conversion of reporter molecules by tissues (heart, liver, and muscle) excised
from ROSA mice, but not wild type mice. Fluorophenylgalactopyranoside substrates could be
administered systemically in normal mice without apparent toxicity.

A problem with systemic delivery was competing wash-in and wash-out phenomena. In
some cases, we were able to detect signal from tumors following IP administration, but substrate
signal was weak and washed out again. Thus, any conversion of substrate to algycone product by
B-gal competed with substrate clearance. Likewise product cleared, and thus, signal was difficult

to detect. However, we established that direct intra tumoral injection of substrate provided

17



excellent signal to noise (>10), which could be detected within 5 minutes by spectroscopy. Some
substrate clearance occurred, but in B-gal expressing tumors, conversion to aglycone product was
much faster and the product signal was readily detected. We examined multiple mice expressing
MCF7-lacZ or -WT tumors. Following direct intra tumoral injection, the presence of B-gal was

obvious as revealed by appearance of new signal (Figure 12).

Figure 12. In vivo detection of B-gal in breast tumors.

Partial '’F NMR spectra acquired following introduction of OFPNPG into tumors (signals for
TFA and isoflurane occurred downfield and are not shown).

a) A solution (0.24 M, 100 uL DMSO/PBS (V/V’ 1:1) with 10 mg/ml NaTFA) was injected intra
tumorally in a “fan” pattern in an MCF7-lacZ tumor (0.8x1.1x1.2 cm’) in a mouse. Serial spectra
were acquired at 4.7 T (188 MHz) with TR=1.0 s and 256 acquisitions (5 min. each) showing
liberation of aglycone.

b) As for a, but wild type tumor (0.4x0.6x0.9 cm?).

18



Task 7 Evaluate in rodents with stably transfected tumors and compare with traditional

assays: completed in Year 4.

Since we developed several reporter molecules with similar characteristics, but separate
well resolved '’F NMR signals it occurred to us that we could use pairs of reporters to examine
pairs of tumors simultaneously. As proof of principle we examined the conversion of three
reporters simultaneously by MCF7-lacZ cells (Figure 13). Based on the successful interrogation
of multiple reporters in cells in vitro, we examined paired tumor xenografts on opposite flanks of
female mice. While there was insufficient signal for imaging, pairs of reporter molecules as
developed in Tasks 1-4, revealed differential activity. LacZ tumors were readily identified by
conversion of substrate to release aglycone product, whereas no conversion was seen in the wild
type tumors (Figure 14). While our original goal was systemic IV or IP delivery of reporter
molecules, direct intra tumoral injection represents considerable progress over the previous NMR
approaches (10), which required intra cellular micro injection. We have been able to identify
breast tumors expressing lacZ (-gal) in vivo and differentiate them from wild type (Figure 14).
Since different substrates have different hydrolysis kinetics, we also tested alternating substrates,
as shown in Figure 15, which demonstrated consistent results. For validation histology, Western
blots, and enzyme activity following tumor excision (€.g., Figure 16).

To place our new °F NMR approach in context of existing technologies we also tested
other reporter molecules for the ability to detect B-gal activity in tumors in mice in vivo. A new
near infrared fluorescent approach was presented by Tung et al. in 2004 (11). The method
exploits a so-called molecular switch and reveals [(-gal activity by a modest change in
fluorescent emission wavelength following cleavage of substrate (Figure 17). Wild type and lacZ
tumors could also be identified using B-glo (12), although this requires additional administration
of luciferase or transfection with luciferase. In this case B-gal acts on the substrate to release
luciferin serving as the second substrate. To test this approach we generated a new MCF7-lacZ-
luciferase cell line, which provides correlative studies by bioluminescent imaging of tumor
location and extent (Figure 18). An optical imaging approach based on a single reporter gene
would be more convenient and we have now tested Galacto-Light Plus™. In vitro
deglycosylation releases a reactive oxitene which spontaneously decomposes emitting light. As
proposed in our original application, we have demonstrated that this approach is feasible in vivo

(Figure 19).
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Figure 13. Detection of B-gal using multiple reporter molecules simultaneously in breast
tumor cells.

F NMR (376 MHz) spectra of PCF;0NPG (1.7 mg, 4.6 mmol), PFONPG (4.6 mg, 14.5 mmol)
and OFPNPG (4.8 mg, 15.1 mmol) with stably transfected MCF7-lacZ cells (3.0x10°) in PBS
(0.1 M, pH=7.4, 600 uL) at 37 °C. Each '’F NMR spectrum was acquired in 16 min, and
enhanced with an exponential line broadening (40 Hz). In this case the presence of high
concentrations of the three reporter molecules seemed to inhibit activity, likely due to
acidification. Within 30 minutes the pH sensitive aglycone product chemical shifts were
Orpcr3onp) = 14.26 ppm, JSrrprone) = -47.82 ppm, and Jrorenp) = -59.92 ppm each corresponding
to pH =6.10 £ 0.05.
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Figure 14. Differentiating lacZ and WT breast tumors in vivo

YF NMR spectra (188 MHz) of a mouse bearing two MCF7 thigh tumors. Following
intratumoral injection of an aqueous DMSO solution of PFONPG (50 pl) in wild type (WT)
tumor and OFPNPG (50 pl) in lacZ transfected tumor, complete conversion of OFPNPG was
seen in 30 min, while no conversion of PFONPG was observed. Each spectrum was acquired in 5

mins and 60 Hz exponential line broadening was applied.
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Figure 15 Assessing expression of B-gal in tumors in vivo and histological confirmation

a) Solutions of PFONPG and OFPNPG were injected into MCF7 tumors, as for Figure 14.
Release of OFPNP was observed confirming 3-gal expression. * shows location of other
aglycone, which was not observed.

b) Five hours later, following clearance of substrates and product, agents were again
injected, but into the opposite tumors. Now PFONP was observed, but no OFPNP.

X-gal and Nuclear fast staining of slices from the tumors obtained post mortem (c) MCF7-

lacZ (100X) and (d) MCF7-WT(100X). Intense blue stain showed B-gal activity for the

MCF7-lacZ tumor section only.
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Figure 16 Verification of B-gal expression in tumors growing in mice using Western blot and
enzyme activity analysis. Left and center: comparison of MCF7-WT and —LacZ tumors. Right
Comparison with other mouse tissues 1. Liver; 2. Muscle; 3. MCF7-WT tumor; 4. MCF7-lacZ
tumor; 5 Heart; 6. Spleen; 7. Lung; 8. Kidney; 9. Tail.
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Figure 17 Detecting B-gal activity using fluorescence.

A) Action of B-gal on DDAOG (9H-(1,3-dichloro-9,9-dimethylacridin-2-one-7-yl) B-p-

galactopyranoside) to release DDAO accompanied by changes in fluorescent emission.

B) Emission spectra of substrate (DDAOG) and product (DDAO) observed using CRi Maestro.

C) Fluorescent imaging of mouse with MCF7-WT (left) and —LacZ (right) tumors in contra

lateral thighs, following administration of DDAOG L.V. At 20 mins the tumors were readily

discriminated, but by 50 mins signal had cleared. DDAOG: (0.5 mg in 100 uL. DMSO/PBS (1:1

V/V’)) was injected 1.V. and the mouse observed by fluorescence using a CRi MaestroTM
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imaging device. Images acquired in 1.0 ms, wavelength: 646 nm with acquisition settings:

500~800 nm/10 nm.

AL

Figure 18 Detecting p-gal activity using beta-glo.
Nude mouse had two tumors: left thigh: MCF7-WT and right thigh MCF7-lacZ-Luc

Left image: BLI following SC injection of 200 ul (40 mg/ml) D-Luciferin. Image obtained in 5

min. Right image: BLI following SC injection 100 ul totally 5 mg) D-Luciferin-6-O-Beta-D-

Galactopyranoside. Image acquired in 5 min ten minutes after injection.

Figure 19 Detecting p-gal activity using
Galacto-Light Plus™. Cells were implanted
in contra lateral thighs of female SCID or
nude mice. When tumors reached 5 mm
diameter 50 ul of Galacto-Light Plus were
injected intra tumorally and the anesthetized
mice observed using a Xenogen Lumina,
Berthold Nightowl, or homebuilt
bioluminescent imaging system. Images were

acquired over 5 mins. 5 mins after injection.

Wild type cells gave no detectable light emission, but strong signal was obtained from lacZ

tumors. The results have been submitted for presentation at SMI.
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Task 8 Synthesize second generation “smart” B-gal substrates as reporters of physical
parameters such as pH or as cytotoxic agents (Completed in Year 3)

Several “second” generation gene reporters were synthesized representing diverse classes of
agents (Figures 20 & 21). I). GFPOL uses fluorinated vitamin B6 as the aglycone to reduce toxicity of
product and results were published (9). GFPOL was indeed much less toxic, but also rather insensitive
to B-gal activity. Additional sugar moieties improved water solubility and response to [-gal and

detection of the polyglyosylated agents (13). Results of enzyme activity and MCF7-lacZ cells are
described under Task 10.

H H H OH OH
H o F H NO, H o CF; H
H H H H o 0
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OH OH OH o Me F
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Figure 20 Second generation gene reporter molecules. Each has been successfully synthesized.
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Figure 21. The relative cleavage rates of PFONPG, OFPNPG, PCF;ONPG, GFPOL,
GDUFPOL, GDMFPOL and OFPNMG (5.0 mmol) by MCF7-lacZ cells in culture.
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A problem with the '’F NMR approach is that product aglycones are not trapped at site of
activity, but washed out, and hence, difficult to detect. It occurred to us that fluoroaryl agents
could be trapped by generating insoluble complexes as with the commercial black stain S-gal . A
novel class of "’F NMR lacZ gene reporter molecule based on fluorocatechols was designed

(LCD-1), synthesized and tested (Figure 22), as described for Task 10 (Figure 31) and presented

at ISMRM (14).
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Figure 22 Overcoming reporter product clearance by trapping.

In addition to seeking to reduce toxicity of reporter molecules, we also sought to exploit
enzyme activated release of toxic aglycones. We have achieved modest success (Figure 23), but
while lacZ cells showed greater toxicity the 100 uM concentrations are too high to provide

effective activity in vivo.
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Figure 23. Cell viability of human MCF7 breast cancer cells in PBS (pH 7.4) with respect to
exposure to substrate 2-nitro-4-trifluoromethylphenyl -D-galactopyranoside. Left panel MCF7-
lacZ cells; right panel: MCF7-WT. Open bars 48 h exposure; hatched bars 96 h exposure.
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We had proposed to synthesize a conjugate of SFU with galactose. Parts of the synthesis were
successful, but inseparable mixture resulted (Figure 24) and enzyme activated toxicity in cell
culture was not clear. However, we recently found that a conjugate of SFU with galactose is

commercially available and this was tested on MCF7-lacZ and —W'T cells (Figure 25).
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Figure 24 Approaches to generate enzyme automatable conjugates of SFU with galactose.

28



Cytotoxicity effect of 5-FU and 5-FU-G for MCF7-lacZ cells 72hs
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Figure 25 Gene/enzyme activated pro-drug toxicity.

5FU has a notoriously narrow window of efficacy. High concentrations cause systemic toxicity.
We proposed to test whether lacZ/B-gal could be used to activate and release SFU in breast
tumors. Synthesis of pro-drugs was not successful in our lab. However, we recently became
aware of a commercial source of 5-Fluorouridine-5'-O-b-D-Galactopyranoside, which we tested.
Intriguingly the lacZ expressing cells were more susceptible to both SFU and the pro-drug. This
may be a result of clonal selection during the transfection process. As expected both cells types
were more susceptible to SFU than the pro-drug. However, both types were susceptible to the
pro-drug. This may be due to low level constitutive expression in the wild type cells and would

require further investigation.

29



Task 9 Apply optimal B-gal reporters to assess transfection efficiency, gene
expression (spatial and temporal) in tumors in vivo: completed in Year 4.

In solution Dr. Kodibagkar developed NMR methods to enhance detection of reporter
molecules, particularly to allow chemical shift selective imaging to reveal substrate and product
by imaging (Figure 26) (8). In phantom studies the techniques are effective, but to date there is
insufficient signal to noise for '’F MRI in vivo. However, we are able to achieve spatially
resolved measurements by using '°F NMR spectroscopy with separate reporter molecules placed
at different locations as shown in Figure 14 and 15 above. We tested this approach to examine
transient transfection in Situ in tumors of living mice, but to date have been unsuccessful in

observing (-gal expression (Figure 28).

Proton scout CSI: TFA CSI: OFPNPG CSI: OFPNP  Figure 26
Selective  imaging of
substrate and aglycone

product. Two  vials

containing TFA  and

substrate or product as

aqueous solutions.
Bulk spectrum

Figure 27 Imaging p-gal activity in
cells. A vial containing OFPNPG was

tO imaged at to. 10’ lacZ transfected
MCF7 cells were added to the vial and
imaged. '’F CSI detects the conversion
to+4h e of OFPNPG to OFPNP by the MCF7-

LacZ cells.

TFA OFPNPG OFPNP
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Figure 28 ’F MRS detection of transient transfection in situ. MCF7-WT tumors were in
contra-lateral thighs of nude mice. 24 hr after transfection with adenovirus in situ OFPNPG was
administered. PFONPG was administered to the other tumor. Neither showed any B-gal activity.
Spectral parameters: Tr = 1s, 256 averages, 5 % min per spectrum, Ist spectrum (bottom) 10 min

after injection

Task 10 Evaluate “smart agents” in vitro: completed in Year 3.
p

Polyglycosylated FPOL substrates were added to 3-gal enzyme or MCF7-lacZ cells
and results published (13). It became apparent that use of multiple galactose moieties was not
appropriate since enzyme acted on each of them generating complex NMR spectra (Figure 29).
However, when secondary sugar moieties were glucose or mannose, there was selective enzyme
activity (Figure 30). We also determined the titration curves for each of the polyglyosylated
substrates and products. (Table 3).
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Figure 29. ’F NMR spectra of 3,a‘f,us-tri-0—(,3-D-galactopyranosyl)—6-flu0ropyrid0xol
(10.1 mg, 15 mmol, lower trace) and its products resulting from addition of £-gal (ES01A,
15 units) in PBS (pH ) 7.4) at 37 °C (upper trace). Spectra were acquired in 51 s and enhanced
with an exponential line broadening 40 Hz; S-D-Galp: f-D-galactopyranosyl.
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Figure 30. "F NMR spectra of 3-0-(-D-galactopyranosyl)-a®, o -di- O-(4-D-
glucopyranosyl)-6-fluoropyridoxol 12 (5.1 mg, 7.5 mmol) with stably transfected MCF7-
lacZ cells (5 x 10°) in PBS (0.1 M, pH) 7.4, 600 uL) at 37 °C. Spectra were acquired in 51 s and
enhanced with an exponential line broadening) 100 Hz. [DUFPOL) o, o di-O-(f-D-
glucopyranosyl)-6-fluoropyridoxol. ]

Table 3 Acidities and '"F NMR/pH Properties of DGFPOL, DUFPOL,
DMFPOL, and FPOL in Saline at 25 =¥

pH indicators DGFPOL DUFPOL DMFPOL FPOL

pK, 7.95 8.08 8.18 8.20
OFacid ~8.34 ~8.15 ~7.44 ~9.85
O Fhase ~19.05 ~18.85 ~18.15 ~19.61

@ Chemical shifts are given in parts per million {(ppm) with respect to
sodium trifluoreacetate.

F NMR chemical shift pH titration curve of DGFPOL, DUFPOL, and DMFPOL in 0.9% saline
at 37 °C. [DGFPOL) o', o’- di-O-(f-D-galactopyranosyl)-6-fluoropyridoxol; DUFPOL) a *, a°-
di-O-(f-D-glucopyranosyl)-6-fluoropyridoxol; DMFPOL) o, a’-di-O- (8 -D-mannopyranosyl)-
6-fluoropyridoxol.]

LCD-1 was examined with MCF7-lacZ cells and showed conversion yielding two signals
(Figure 31). In the presence of ferric ions a purple gelatinous precipitate was formed, but there
was still a single narrow '’F NMR signal. These preliminary data demonstrate the feasibility of a
novel approach to detecting B-gal activity, i.e., generating complexes to trap the released reporter
molecule products. Reassuringly, the product signals remained narrow and detectable, and we
believe this approach shows promise for developing F NMR approaches to gene reporter

molecules.
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Figure 31 LCD-1 was stable in solution and gave a single sharp F NMR signal. Addition of
LCD-1 to MCF7-lacZ cells caused rapid cleavage (8 pmol/min per million cells) generating two
new signals (left spectra). When ferric ammonium citrate (FAC) was included, cells generated a
purple solution indicative of Fe-complex formation (right spectra). Now only a single resonance
was observed, which we believe represents the trapped complex. We continue to explore the

nature of these signals

Task 11 Evaluate “smart agents” in vivo: completed in Year 4.

PFONPG and OFPNPG were examined in vivo (Figures 12, 14 and 15). During our
research we became aware of the commercial histological “black stain” S-Gal™. Given the
precipitation of Fe’* we hypothesized that this could serve as a potential proton T2* MRI
reporter for B-gal (Figure 32). We then undertook preliminary tests with B-gal enzyme, bacterial
and breast tumor cells and the work will be continued as a new R21 to be funded by NCI. Upon
cleavage by beta-galactosidase in the presence of ferric ions (Fe™), the aglycone chelates iron to

produce an intense black stain, which is not only visible, but also paramagnetic (Figures 33 and
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34). For in vivo experiments 1.5x10° MCF7/WT or MCF7/LacZ tumor cells were implanted in
both flanks of nude mice and allowed to grow to about 0.7 cm’. Then 50 mg/kg S-gal-Na (3,4-
cyclohexenoesculetin-f-D-galactopyranoside) sodium) and 25 mg/kg FAC (ferric ammonium
citrate) in saline were injected intra tumorally. The whole abdomen was observed using a 2 cm
volume coil at 4.7 T. Following intra tumor injection of S-gal + FAC into MCF7-LacZ tumor
there was rapid development of intense contrast in the form of signal loss in T2 weighted images
(Figure 35)
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Figure 32 Formation of black paramagnetic precipitate by the action of p-gal on S-Gal™



A B

Figure 33 Detection of B-gal in E.coli

Left panel: photographs of E.coli grown on agar, which included S-Gal™. A) control cells; B)
cells induced to express -gal. A black precipitate is obvious (arrow). Right panel: C and D)
Corresponding MRI (9.4 T). The intense black contrast is due to signal loss from the
paramagnetic precipitate (arrow). Images acquired in 4 mins with 0.3 mg/ml S-Gal™ and FAC

in the agar.

Figure 34 The use of S-gal to detect B-gal activity in breast cancer cells. Left panel-
photograph; right MRI. MRI (4.7 T) of MCF7 breast tumor cells (10°) in agarose TR=I s,
TE=30 ms, 60 um in plane resolution with 2 mm thickness.

a) wild type tumor MCF7 cells with S-Gal™ and FAC.

b) MCF7-lacZ cells with FAC (ferric ammonium citrate) only

¢) MCF7-lacZ cells with S-Gal™ only

d) MCF7-lacZ cells with S-Gal™ and FAC
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Capillary WT tumor

Figure 35. Mouse bearing MCF7 and
MCF7-LacZ tumors was imaged using
a 4.7T MR Scanner. The T2* weighted
images were obtained before (left) and
after (right) the intratumoral injection of
S-gal-Na and FAC. (TR =500 ms,
TE=15 ms, Flip angle=20,
matrix=128x128)

Task 12 Prepare manuscripts and final report: completed in Year 4.

The final report is provided here and two further, manuscripts are being prepared based on
abstracts presented at conferences.
“Detection of Transgene Expression in Tumors in Vivo: A PF NMR Approach using Dual
Reporters to Assess B-Galactosidase” J.X. Yu, V. D. Kodibagkar, Li Liu and R. P. Mason, and
“Novel lacZ Gene Reporter for Dual Modalities: °F MRS and 'H MRI” J. Yu, Vikram D.
Kodibagkar, and R. P. Mason

KEY RESEARCH ACCOMPLISHMENTS:

e We have demonstrated '’F NMR detection of B-gal activity in breast tumor cells in vitro and
in tumors growing in mice. Meanwhile little activity was found in wild type cells and
tumors.

e We generated breast tumor cell lines stably expressing high activity of B-galactosidase.

e We successfully synthesized a series of novel fluorine substituted phenylgalactosides as
potential '’F NMR reporter molecules for B-galactosidase activity.

e The fluorophenyl -D-galactopyranosides are stable in saline, but are rapidly cleaved by the

enzyme [3-galactosidase.
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e The fluorophenyl PB-D-galactopyranosides provide a single '’F NMR signal, which is
invariant with pH. Enzyme cleavage produces a new signal well removed from the parent
compound.

e Direct intra tumoral injection of F NMR substrates allows detection of lacZ
expressing breast tumors versus wild type.

e Incorporation of trifluoromethyl groups enhances NMR signal to noise, though there is a
smaller chemical shift response to cleavage.

e Prototype “smart” -gal substrates have been synthesized using the pH reporter molecule 6-
fluoropyridoxol (FPOL) in place of fluorophenol aglycones. FPOL is less toxic, but also less
reactive with 3-gal.

e Introduction of sugar moieties onto the FPOL skeleton enhances water solubility and
reactivity with -gal.

e A problem with the first generation substrates and products is that they are washed out of
tumors. Based on observations with S-gal we synthesized a novel agent (LCD1), which
forms a gel upon cleavage in the presence of Fe’* ions and becomes trapped.

e We have found that S-gal provides a proton MRI contrast agent for detecting -gal activity

in tumors. The product is an insoluble paramagnetic precipitate.

REPORTABLE OUTCOMES:
New Cells lines

New MCF7-LacZ stably transfected cell line.

New MCF7-LacZ-luc stably doubly transfected breast tumor cell line.

New Grants to continue studies
U24 CA126608 — SAIRP 04/2007 — 03/2012
NIH/National Cancer Institute

UT Southwestern Small Animal Imaging Resource

Principal Investigator Mason

1R21CA120774-01A1 05/2007 — 04/2010
NIH/National Cancer Institute
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MAGIC — Magnetic Resonance Assessment of Gene Imaging Constructs

Principal Investigator Mason

Published manuscripts

1  “A novel NMR approach to assessing gene transfection: 4-fluoro-2-nitrophenyl-p-D-
galactopyranoside as a prototype reporter molecule for B-galactosidase”, W. Cui, P. Otten, Y. Li,
K. S. Koeneman, J. Yu and R. P. Mason, Magn. Reson. Med., 51, 616-20 (2004)

2 “A Novel NMR Platform for Detecting Gene Transfection: Synthesis and Evaluation of
Fluorinated Phenyl B-D-Galactosides with Potential Application for Assessing LacZ Gene
Expression”, J. Yu, P. Otten, Z. Ma, W. Cui, L. Liu, R. P. Mason, Bioconjug. Chem. 15 (6):
1334-1341 (2004)

3 “Synthesis and Evaluation of a Novel Gene Reporter Molecule: Detection of 3-galactosidase
activity Using °F NMR of a Fluorinated Vitamin By conjugate J. Yu, Z. Ma, Y. Li, K. S.
Koeneman, L. Liu, R. P. Mason, Med. Chem. 1(3) 255-262 (2005)

4 «YF: a versatile reporter for non-invasive physiology and pharmacology using magnetic
resonance”, J. Yu, V. D. Kodibagkar, W. Cui, R. P. Mason, Curr. Med. Chem. 12 (7) 819-848

(2005) + cover figure and editorial

5 “Synthesis and Evaluation of Novel Enhanced Gene Reporter Molecules: Detection of -
Galactosidase Activity Using '°F NMR of Trifluoromethylated Aryl B-D-Galactopyranosides”,
Yu J, Liu L, Kodibagkar VD, Cui W, Mason RP: Bioorg. Med. Chem., 14, 326-33 (2006).

6 “Synthesis and Characterization of Novel lacZ Gene Reporter Molecules: Detection of [3-
Galactosidase Activity Using '’F NMR of Polyglycosylated Fluorinated Vitamin Bg”, Yu JX,
Mason RP: J. Med. Chem. 49:1991-9 (2006)

7 “Imaging B-galactosidase activity using '°F CSI of lacZ gene-reporter molecule 2-fluoro-4-
nitrophenol-B-D-galactopyranoside (OFPNPG)” Kodibagkar VD, Yu J, Liu L, Hetherington H,
Mason RP Magn. Reson. Imaging 24: 959-962 (2006)

8 “Non-invasive physiology and pharmacology using '’F magnetic resonance” .Yu, J.-X., Cui,

W., Zhao, D., and Mason, R. P. Adv. Fluorine Sci., in the press (2007).
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Conference presentations

1

10

"Stereoselective synthesis and evaluation of fluorinated vitamin B6 B-D-galactosides as
potential novel substrates for in vivo and non-invasive detection of lacZ gene expression",
J. Yu, R. P. Mason, 38th National Organic Symposium, B3, Bloomington, Indiana, June
2003.

“Gene Reporter Molecules: a new platform using '"F NMR substrates for p-
galactosidase”, J. Yu, W. Cui & R. P. Mason, Proc. 16th International NMR
Spectroscopy Conference, C-7, Cambridge, England, July 2003

“Novel in vivo Gene Reporter Molecule Using Fluorinated Vitamin B6 as '’F NMR
indicator”, J. Yu and R. P. Mason, Proc. Intl. Soc. Magn. Reson. Med. 11, 674 (2003)
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CONCLUSIONS:

implementation is assessment of gene expression in terms of heterogeneity and longevity in
tissues. Reporter genes and associated molecules should allow assessment of gene expression. To
date successful reporters have been developed for nuclear imaging, but radionuclides can be
difficult to handle and decay limiting shelf life detectability (15). Optical techniques are favored
for gene assessment in small animals, but light penetration can limit utility (16). NMR facilitates
assessment of deep tissues without radiation exposure. We have demonstrated the feasibility of

synthesizing NMR reporter molecules to reveal activity of B-galactosidase, the primary tool of

Gene therapy holds great promise for treating breast cancer. A major current obstacle to
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molecular biologists to assess gene transfection. Significantly the molecules enter cells and are
effective substrates. Moreover the ''F NMR chemical shift unequivocally reveals enzyme
activity. Differences in chemical shift associated with small molecular changes allow two tumors
to be interrogated simultaneously using unlocalized spectroscopy. Potentially substrates to
different enzymes could also allow multiple genes to be interrogated simultaneously.
Appropriate NMR pulse sequences allow distribution of substrate and product to be observed by
imaging in phantoms. Second generation agents exhibit enhanced sensitivity to enzyme activity,
accompanied by modified toxicity.

The investigations funded by this grant have substantially enhanced our laboratory skills
and capabilities relevant to breast cancer facilitating enhanced future investigations. We have
several stably transfected cell lines and the skills to generate further transfectants. We have
gained experience with beta-gal and diverse substrates. We gained experience in designing and
use of substrates for "F NMR and 'H MRI, fluorescence, bioluminescence and
chemoluminescent imaging. We have greater appreciation for the characteristics required for a
useful gene-reporter molecule.

Reporter molecules must respond to the target, €.g., enzyme. Substrates must reach the
target and product and should be trapped. Neither should be toxic. Adding sugar residues can
enhance water-solubility and reactivity. Trifluoromethyl groups enhance SNR, but at the expense
of chemical shift sensitivity. Judicious use of '’F NMR reporters with differing chemical shifts
can de facto reveal spatial distribution and could reveal multiple enzyme activities. We validated
the use of DDAOG and beta-glo and demonstrated the feasibility of using Galacton-Plus for
chemoluminescent imaging of B-galactosidase.

Proton MRI should provide enhanced capabilities and we have identified S-gal as a
prototype molecule for future investigations. While optical reporters exist, MRI could be
pertinent to deep tissues in larger animals and ultimately patients. MRI avoids radioactive
exposure and handling. Several research groups throughout the world have expressed interest in
exploring the agents we have developed, though the synthesis of materials for distribution may

be a roadblock.
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Novel NMR Approach to Assessing Gene Transfection:
4-Fluoro-2-Nitrophenyl-B-p-Galactopyranoside as a
Prototype Reporter Molecule for 3-Galactosidase

Weina Cui," Pieter Otten,’ Yingming Li,” Kenneth S. Koeneman,? Jianxin Yu,' and

Ralph P. Mason'

Gene therapy holds great promise for the treatment of diverse
diseases. However, widespread implementation is hindered by
difficulties in assessing the success of transfection in terms of
spatial extent, gene expression, and longevity of expression.
The development of noninvasive reporter techniques based on
appropriate molecules and imaging modalities may help to as-
say gene expression. 4-Fluoro-2-nitrophenyl-p-b-galactopyr-
anoside (PFONPG) is a novel prototype NMR-sensitive mole-
cule, which is highly responsive to the action of pB-galactosi-
dase (B-gal), the product of the lacZ gene. The molecule is
stable in solution and with respect to wild-type cells, but the
enzyme causes very rapid liberation of the aglycone, accompa-
nied by color formation and a 'F NMR chemical shift of
5-10 ppm, depending on pH. Since the product is pH-sensitive,
this opens the possibility for direct pH determinations at the site
of enzyme activity. Molecular and '°F NMR characteristics of
PFONPG in solution, blood, and prostate tumor cells are pre-
sented. This prototype molecule facilitates a novel approach for
assaying gene activity in vivo. Magn Reson Med 51:616-620,
2004. © 2004 Wiley-Liss, Inc.

Key words: B-galactosidase; gene reporter molecule; lacZ; '°F
NMR; nitrophenyl-3-D-galactopyranoside; prostate cancer

Gene therapy holds great promise for the treatment of
various diseases, including cancer, cystic fibrosis, and im-
munodeficiency. However, a major obstacle to widespread
successful implementation is the need to verify successful
transfection—in particular, the spatial extent of expression
in the target tissue—together with assays of the longevity
of expression. An image-based assay would greatly facili-
tate optimal gene therapy vector dosing, in a precise tem-
poral and spatial manner. Numerous preclinical studies
have indicated that this therapy shows promise for the
treatment of solid tumors. However, useful reporter mole-
cules could accelerate the effective transition to human
clinical trials.
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Many promising methods are being developed to image
(i.e., assay noninvasively) tissue gene expression, often by
including a reporter gene in tandem with the therapeutic
gene (1—4). A critical criterion is that the reporter gene is
not normally present or expressed in the cells of interest.
One of the earliest examples of gene transfection was the
introduction of creatine kinase into the liver of mice, and
the subsequent detection of phosphocreatine (PCr) by *'P
NMR (5). This particular case involved a benign product
and natural substrates, but the technique would be inap-
propriate in most tissues, where PCr is normally present at
high levels. Perhaps the most popular reporter genes today
are associated with optical imaging, since this is a cheap
modality and highly sensitive results are rapidly obtained.
Thus, bioluminescent imaging (BLI) of luciferase (1), and
fluorescent imaging of green fluorescent protein (GFP) and
longer-wavelength variants (6) are popular. These tech-
niques are very useful in superficial tissues and have ex-
tensive applications in mice, but application to larger bod-
ies is limited by the depth of light penetration.

Several nuclear medicine approaches have been demon-
strated that employ thymidine kinase with a variety of
substrates, including iodo- and fluoronucleosides (such as
FIAU and gancyclovir) and various radionuclide labels
(e.g., 123-, 124-, 125-1, and '®F) (3,7). An alternative ap-
proach uses the sodium iodine symporter (hNIS), which
works well with both iodide and pertechnetate substrates
(2). For cancer, thymidine kinase is advantageous because
the gene serves as a reporter and the gene products them-
selves may have therapeutic value.

The lac operon was the first gene expression system to
be well characterized, some 40 years ago by Jacob and
Monod (8). One component, lacZ, which produces B-ga-
lactosidase, has been the primary choice of reporter gene
to verify effective transfection in biochemistry, and many
reporter molecules are available for biological and histo-
logical analysis. Diverse agents are commercially available
with specific characteristics, such as developed color,
thermal stability, and cellular retention (e.g., X-gal, o-ni-
trophenylgalactoside (ONPG), and S-Galacton-star) (9—11).
However, B-galactosidase was largely neglected for in vivo
work until the elegant studies of Meade et al. (12) were
published. The galactose bridged cyclic gadolinium
contrast agent ((1-(2-(galactopyranosyloxy)propyl)-4,7,10-
tris(carboxymethyl)-1,4,7,10—tetraazacyclo dodecane) ga-
dolinium(II) (EgadMe) shows considerable change in wa-
ter relaxivity upon exposure to B-galactosidase. While the
molecule is a poor substrate for the enzyme (on the order
of 500 times less efficient than the colorimetric biochem-
ical agent ONPG) and does not penetrate cells, it can
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FIG. 1. The structure of PFONPG.

facilitate effective investigations of cell lineages following
direct intracellular microinjections (12). These previous
findings prompted us to consider other NMR active ana-
logs, and we hypothesized that introducing a fluorine atom
into the popular colorimetric biochemical indicator ONPG
would produce a strong candidate molecule. We now re-
port the successful synthesis of the reporter molecule,
together with NMR characterization and examples of ac-
tivity in solution and cell culture.

MATERIALS AND METHODS

4-Fluoro-2-nitrophenyl-p-n-galactopyranoside (PFONPG;
Fig. 1) was prepared from a reaction of acetobromo-a-p-
galactose and the potassium salt of 4-fluoro-2-nitrophenol
(PFONP) followed by deprotection with triethylamine us-
ing methods similar to those reported by Yoon et al. (13).
Details regarding the chemical synthesis will be published
in a future work.

"9F NMR experiments were performed at 564 MHz using
a Varian INOVA Unity spectrometer, and a capillary of
sodium trifluoroacetate served as an external chemical
shift reference standard (3 0 ppm). Spectra were obtained
from both PFONPG and the aglycone PFONP in saline,
buffers, heparinized whole rabbit blood, and prostate can-
cer cells. The titration curves of PFONP were measured at
25°C and 37°C in saline, and aliquots of HCI (0.2N) and
NaOH (0.25N) were added to alter pH, which was inde-
pendently measured in the NMR tube using a pH elec-
trode.

For single-component kinetic enzyme experiments,
PFONPG (5 mg) was dissolved in buffer-I (0.6 ml, pH =
4.5, prepared with 10 mM sodium hydrogen phosphate
and 5 mM citric acid). A solution of B-galactosidase
(G5160 from Aspergillus oryzae (Aldrich); 10 pl of a solu-
tion of 19 mg (152 units) in 2 ml buffer-I) was added, and
NMR data were acquired immediately at 30°C. Each spec-
trum was acquired in 36 s and the kinetic curve was

FIG. 2. "F NMR spectra of PFONPG
(2 mg = 8 pmol, 10 mM) in saline (left) and
fresh heparinized whole rabbit blood (right).
°F NMR spectra were obtained in 36 s and
apodized with a 10-Hz exponential line-
broadening prior to Fourier transformation.
Sodium trifluoroacetate was used as a
chemical shift reference (8 0 ppm).
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assessed over 11 min. A similar experiment was performed
using B-gal isolated from Escherichia coli (G6008; 250—
600 U/mg) in buffer-II at 37°C. Buffer-II was prepared with
HEPES (2 mM) and hydrogen phosphate (7 mM), provid-
ing the higher pH (7.3) that is optimal for this enzyme.

To test substrate efficacy, a substrate competition exper-
iment was undertaken. NMR experiments were performed
with various concentrations of PFONPG (28.8—262 wmol)
added to a solution of B-gal (G5160). In a second series,
2-nitrophenyl-pB-p-galactopyranoside (ONPG, 65 umol)
was added simultaneously to each sample.

For cell studies, 5 X 10° human prostate tumor cells
PC-3 (American Type Culture Collection, Manassas, VA)
and LNCAP C4-2 (UroCor, Oklahoma City, OK) were
grown on 150-mm culture dishes in T-medium (Invitro-
gen) with 5% fetal bovine serum at 37°C with 5% CO.,.
Control (wild-type) cells and transfected cells (infected by
replication defective adenovirus harboring lacZ gene un-
der the control of the cytomegalovirus (CMV) or bone sialo
protein (BSP) promoter at 10 or 100 multiplicity of infec-
tion (MOI), with transfection times of 24 or 48 hr), were
harvested. The cells were trypsinized for 2 min and neu-
tralized with medium for harvesting. The cell pellet was
obtained by gentle centrifugation, washed twice with
phosphate-buffered saline (PBS), and resuspended in 1 ml
PBS. PFONPG (2 mg) was added to a suspension of 10”/ml
cells, and ""F NMR spectra were acquired after various
incubation times at 30°C or 37°C.

RESULTS

PFONPG is hydrophilic and readily dissolves in saline or
whole blood, giving a single narrow '°F NMR signal at &
—42.75 ppm with respect to 8y,.rra 0 ppm (Fig. 2). This
signal is essentially invariant in the range of pH 1-11 with
a change of <0.05 ppm. The signal appeared stable in
solution and whole rabbit blood for a period of 2 days. The
addition of B-galactosidase caused rapid cleavage and re-
leased the aglycone PFONP, which appeared at 3
—46.49 ppm for B-gal G5160 at 30°C and at 8 —51.07 ppm
for B-gal G6008 at 37°C (Fig. 3), and was accompanied by
the development of yellow color. The addition of B-gal
(G5160) to PFONPG showed a rapid exponential loss of the
substrate accompanied by the appearance of the aglycone
over a period of 10 min, as shown by the curves in Fig. 4.
Similar activity was seen with G6008, although the change
was less rapid under comparable conditions. The substrate
competition kinetics showed that ONPG acts as a compet-
itive inhibitor of B-gal with respect to PFONPG: the
Michaelis constant increased from 91 pmol to 200 pmol,
but Vmax remained unchanged (Fig. 5).



FIG. 3. PFONPG (-42.75 ppm) was rapidly cleaved by 3-gal G5160
(pH = 4.5, upper spectrum) and G6008 (initial pH = 7.3, but acid-
ified to 6.8 during reaction, lower spectrum) releasing the aglycone
PFONP. Since the product has a pH-sensitive chemical shift,
PFONP occurs at different positions for each buffer.

When PFONPG was added to wild-type prostate cancer
cells (PC-3 or LNCAP C4-2), there were no spectral
changes after incubation for 3 hr at 37°C. When PC-3 cells
were transfected with a first-generation adenovirus vector
encoding the B-gal gene driven by the CMV promoter for
24 hr, 12.7% PFONPG was converted to PFONP after in-
cubation for 3 hr at 37°C (Table 1). When PC-3 cells or
LNCAP C4-2 cells were transfected with the CMV system,
but for 48 hr, 74% and 100% of PFONPG was converted by
PC-3 and LNCAP C4-2 cells, respectively, after incubation
for 15 min at room temperature. CMV may be considered a
universal promoter, so we also tested the B-gal gene under
control of the specific BSP promoter. In this case, the
substrate cleavage was lower, with only 5% conversion
after incubation with PFONPG for 3 hr at 37°C for cells
with 10-fold MOI viral transfection, and 14% for 100 MOL

The "F NMR signal of the aglycone (PFONP) is very
sensitive to pH, exhibiting a range of 9.3 ppm. The titration
curves (Fig. 6) were identical at 25°C and 37°C, and gave
the Henderson Hasselbalch coefficients pKa = 6.85, 8,4
—46.44 ppm, 8,5, —55.73 ppm.

Cui et al.

FIG. 5. Lineweaver-Bourke plot showing kinetics of 3-gal activity on
PFONPG, and competitive inhibition by addition of ONPG (O).

DISCUSSION

We have demonstrated the potential utility of a novel class
of gene reporter molecules—fluoro-phenyl-galactopyrano-
sides (specifically, PFONPG)—as an effective substrate for
B-galactosidase. This molecule is an excellent substrate for
the enzyme and acts competitively with traditional bio-
chemical indicators. It provides a single '°F NMR signal
with a narrow linewidth and good stability in solution. It
is apparently stable in normal wild-type cells and whole
blood, but exposure to the enzyme or cells transfected to
express B-galactosidase causes rapid cleavage, in line with
anticipated levels of transfection.

Upon cleavage of the glycosidic bond, a chemical shift
difference of >3.6 ppm is observed. However, the chemi-
cal shift of the product may have a range of about 9 ppm,
since the released aglycone is pH-sensitive and the pKa is
in the physiological range. Significantly, there is no over-
lap between the chemical shift of the substrate and the
product. This presents the interesting possibility of selec-
tive determination of pH at the site of enzyme activity.
Indeed, we have demonstrated that if the aglycone
(PFONP) is added to a suspension of red blood cells, two
signals are rapidly observed representing the intra- and
extracellular pH (14). However, PFONP is somewhat toxic

FIG. 4. Kinetic curves showing cleavage of
PFONPG to PFONP by B-gal G5160. The upper
trace shows the spectral time course, and the am-
plitudes are plotted below.
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and causes lysis of less robust cells, such as cultured
tumor cells. Thus, PFONPG may be regarded as an inter-
esting prototype molecule that is primarily representative
of a new approach to the use of NMR gene reporter mole-
cules in association with B-galactosidase. Given the well-
known promiscuity (lack of specificity) of B-galactosidase
(15), many commercial colorimetric molecular substrates
are available for this enzyme. We believe that other NMR-
sensitive aglycone analogs may readily be introduced in
place of the PFONP, and can display preferable character-
istics. In particular, analogs may be selected to be less
toxic, to be selectively trapped in cells, or to have partic-
ular activities as specific reporters or drugs. Indeed, pre-
liminary investigations show the feasibility of conjugating
the pH reporter 6-fluoropyridoxol (16) to galactose, and
thereby generating an effective substrate for B-gal (17).

While the toxicity of PFONP appears to severely limit
the application of PFONPG as a gene reporter molecule, it
does present the intriguing possibility of a broad-spec-
trum, gene-activated chemotherapeutic. Indeed, PFONP is
clearly analogous to the classic biochemical uncoupler
dinitrophenol. While specific traditional chemotherapeu-
tic drugs may be subject to multidrug resistance and be-
come ineffective, we believe that nitrophenols could exert
local cytotoxic effects on many tissues. Gene-activated
drug therapy (often termed gene-directed enzyme prodrug
therapy (GDEPT)) (18), has been demonstrated by others
using the cytosine deaminase (CD) gene. Specifically, CD
activates the minimally toxic 5-fluorocytosine (5-FC) to the
highly toxic 5-fluorouracil (5-FU). This is being widely
exploited in gene therapy trials, in the hope that it may
mitigate the toxicity threshold associated with systemic
5-FU delivery (18,19). The conversion of 5-FC to 5-FU
causes a chemical shift of ~1.5 ppm, revealing gene activ-
ity. This has been demonstrated in a number of systems in
vivo (18,20). It is also interesting to note that some of the
major metabolic products of 5-FU exhibit chemical shift
sensitivity to pH, which may provide an indication of local
tissue pH (21).

NMR reporters have a long shelf life and are easy to
handle, both of which are great advantages over radioac-
tive substrates. Functional paramagnetic agents are attrac-
tive because they interact with large numbers of water
molecules generating amplification, as previously shown
for various “smart” contrast agents (22). However, the pro-
totype proton NMR substrate for B-gal (EgadMe) fails to
enter cells and is a poor substrate for the enzyme. Intro-
ducing a fluorine atom minimally perturbs the structure
and reactivity of the traditional efficient biochemical sub-
strate (ONPG), and offers a new approach. Given that there

Table 1
Relative Gene Expression of Transfected Cells Determined
Using PFONPG

Cell line PC3 PC3 PC3 C4(2)

Promoter BSP CMV CMV CMV
Transfection time 24hr 24hr 48 hr 48 hr
Incubation temperature ~ 37°C ~ 37°C Room Room
Incubation time 3 hr 3 hr 15 min 15 min
Cleaved portion 5.3% 12.7% 74% 100%
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FIG. 6. Titration curves of PFONP in saline (#), and plasma at 30°C
(d), and 37°C ().

is essentially no '""F NMR background signal in tissues,
fluorinated reporter molecules may be assessed by changes
in chemical shift. Our ability to detect these molecules is
dependent on the signal-to-noise ratio (SNR), rather than
the contrast-to-noise ratio (CNR). The chemical shift dif-
ference between substrate and aglycone product reveals
the unambiguous detection of enzyme activity. This ap-
proach was previously demonstrated for the cytosine
deaminase reporter gene system (18,20). Spatial resolution
will require chemical shift imaging, rather than merely
selective excitation, since the PFONP can have a wide
pH-dependent chemical shift range. Detectability could be
enhanced by the introduction of a trifluoromethyl (CF,)
reporter group, as opposed to the single F-atom. However,
a CF, group will likely perturb the water solubility to a
greater extent, and the chemical shift response is expected
to be considerably smaller due to transmission of the elec-
tron density redistribution through an additional carbon—
carbon bond.

PFONPG is readily synthesized using simple organic
chemistry methods. It is water-soluble and appears to en-
ter cells easily. However, the product aglycone is not
trapped and in some cases causes cell lysis. Thus, while
cleavage provides clear evidence of B-galactosidase activ-
ity, it would be difficult to localize this information to
specific tissues in vivo. This may limit the ultimate appli-
cation of this prototype molecule for widespread studies.
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Synthesis and Evaluation of a Novel Gene Reporter Molecule: Detection of
b- galact03|dase Activity Using °F NMR of a Fluorinated Vitamin B

Conjugate”
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Abstract: Gene therapy has emerged as a promising strategy for treatment of various diseases. However, widespread
implementation is hampered by difficulties in assessing the success of transfection, in particular, the spatial extent of
expression in the target tissue and the longevity of expression. Thus, the development of non-invasive reporter techniques
based on appropriate molecules and imaging modalities may help to assay gene expression. We now report the design,
synthesis and evaluation of a novel in vivo gene transfection reporter molecule 3-O-(b-D-galactopyranosyl)-6-
fluoropyridoxol (GFPOL) using fluorinated vitamin B as the "F NMR sensitive aglycone. GFPOL exhibits the
following strengths as an in vivo '°’F NMR gene expression reporter: (a) large chemical shift response to enzyme cleavage
(Dd=8.00 ppm); (b) minimal toxicity for substrate or aglycone; (c) good water solubility; (d) good blood stability; (e)

pH responsiveness of aglycone.

Key Words: b-galactosidase, '’F NMR, gene reporter, pyridoxol, pH.

INTRODUCTION

Gene therapy shows promise for the treatment various
disorders and clinical trials are underway. However, non-
invasive detection of transgenes in vivo would be of
considerable value for assessing the location, magnitude and
persistence of expression. Generally, therapeutic genes are
not readily detected, and thus, various reporter genes have
been developed and are widely applied in molecular biology,
e.g., b-galactosidase (b-gal), b-glucuronidase, chloram-
phenicol acetyltransferase, and firefly luciferase [1]. Among
these, the lacZ gene, encoding b-gal, is the most attractive
reporter gene, because b-gal activity is readily assessed in
Vitro in hosts as evolutionarily diverse as bacteria, yeast, and
mammals, and its introduction has become a standard means
of assaying clonal insertion, transcriptional activation, protein
expression, and protein interaction [2]. Many chromogenic
or fluorogenic substrates are well-established, but they are
generally limited to histology or in vitro assays [3-8].

Recently, Weissleder et al. [9] presented a near infrared
approach based on 9H-(1, 3-dichloro-9, 9-dimethylacridin-2-
one-7-yl) b-D-galactopyranoside (DDAOG), and Meade et
al. [10] reported an NMR approach using 1-[2-(b-D-
galactopyranosyloxy) propyl]-4, 7, 10-tris (carboxymethyl)-
1,4,7, 10-tetraazacyclododecane) gadolinium (III) (EgadMe),

*Address correspondence to this author at the Department of Radiology,
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Harry Hines Blvd, Dallas, Texas 75390-9058, USA; Tel: (214)-648-8926;
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to assess b-gal activity in vivo. These diverse substrates
emphasize the promiscuity (lack of substrate specificity) of
b-gal activity. However, EgadMe was found to be 500 times
less sensitive to b-gal than the traditional “yellow” bio-
chemical indicator ortho-nitrophenol-b-D-galactopyranoside
(ONPG) and failed to enter cells, necessitating direct
microinjection. We realized that introduction of a fluorine
atom into the traditional nitrophenol aglycones could
generate NMR indicator molecules with minimal perturbatior
to a well-established molecular structure. Indeed, we
successfully demonstrated the use of p-fluoro-o-nitrophenyl
b-D-galactopyranoside (PFONPG) to detect enzyme activity
in solution and transfected tumor cells [11]. PFONPG
exhibits virtually identical sensitivity to cleavage by b-gal as
compared with ONPG [12]. However, the liberated aglycone
p-fluoro-o-nitrophenol (PFONP) exhibits some cytotoxicity,
likely by analogy to the well known uncoupler of oxidative
phosphorylation 2, 4-dinitrophenol [13]. More recently, we
showed that various analogs of the aglycone structure
(halophenols) showed significant differences in rate of
response to enzyme action and some of these alternate
aglycones exhibit much lower toxicity [12]. We now report
the design, synthesis, and evaluation of another novel in vivo
gene transfection reporter molecule using fluorinated vitamin
B6 as a stable aglycone and sensitive 19F NMR indicator.

RESULTS AND DISCUSSION
Design

F NMR signals are exquisitely sensitive to molecular
changes and often also to the microenvironment, and thus,
there are many reporter molecules exploiting fluorine atoms

© 2005 Bentham Science Publishers Ltd.
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[14]. We have previously shown that 6- ﬂuoropyridoxol 1,
FPOL) exhibits exceptional sensitivity to changes in pH
with ~10 ppm acid/base '’F NMR shift [15]. We recognized
that 1 could serve as a replacement for fluorophenol
aglycones offering similar steric and electrostatic properties.
The fluorine atom located para to the phenolic group should
provide sensitive response to enzyme induced cleavage of
the substrate GFPOL. FPOL exhibits little toxicity and can
reveal local pH in a similar manner to the prototype aglycone
PFONP.

Synthesis

Condensation of FPOL and galactose has regioselectivity
requirements and Scheme 1 outlines a synthetlc route
exploiting regioselective protection of the a*, a’- hydroxyl
groups through ketal condensation. However the ketal
addition of 1 with acetone using standard conditions gave 6-
fluoro-3, a -1sopropy11denepyrrdoxol as major product and
the desrred 6-fluoro-a*, a -1sopropy11denepyrrdoxol 2, as
minor by-product. Testrng various acids as catalysts showed
2% H,SO, acetone solution to provide the best yield of 2
(26%). The regroselectrvrty of the acetonation reaction was

onﬁrmed by analyzing 'H-NMR spectra of 2 and 6-fluoro-
3, a’-isopropylidenepyridoxol, in which the 5-CH, signal of
2 appeared at 5.03 ppm as singlet and of 6-fluoro-3, a*-
isopropylidenepyridoxol at 4.97 ppm, but as doublet (Jy.s_ no-
5=1.2 Hz) due to the coupling of the 5-OH. The inefficient
reaction is presumably due to the unfavorable seven member
ring, as opposed to alternate six member ring.

Treatment of 2 with 2, 3, 4, 6-tetra-O-acetyl-a-D-
galactopyranosyl bromide 3 using the Koenigs-Knorr glyco-
sylation method gave 3 O-(2, 3, 4, 6-tetra-O-acetyl-b-D-
galactopyranosyl) -a‘ a -1sopropyhdene -6- ﬂuoropyrldoxol 4
in 85% yield. NMR Verlﬁed that the galactose was in the b-
configuration (dy.,- 4.64 ppm (doublet, J; ,=8.0 Hz) and dc_,-
100.03 ppm). The correlation between 2-CH; and H-1" of
sugar ring from the NOSEY spectrum of 4 verified that 2, 3,

HC
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4, 6-tetra-O-acetyl-b-D-galactopyranosyl residue connected
at the 3 phenolic site provided further evidence that
acetonation reaction did occur regioselectively on 4, 5
hydroxymethyl groups.

Cleavage of acetonide 4 for synthesis of 3-O-(2, 3, 4,
6-tetra-O-acetyl-b-D-galactopyranosyl)-6-fluoropyridoxol 5
was achieved, however, the yields were low (£15%), based
on several hydrolysis conditions, such as 80% AcOH, 1%
HCI or 90% CF;CO,H in MeOH, CH,CI, or 1, 4-dioxane at
various temperatures (60~100 °C). A moderate amount of 1
was recoverable indicating that the b-D-galactopyranosyl
C>(ga-O3 bond became weak and sensitive to acid hydrolysis
presumably due to the presence of 6-fluorine atom.
Acetylation of 5 to 6 facilitated purification and structural
characterization by NMR. Finally, deacetylation of 6, in
NH;/MeOH from 0°C to room temperature yielded the target
molecule GFPOL in quantitative yield. The overall yield for
GFPOL through th1s five-step route was ~3% with limiting
steps in the a’, a’-isopropylidene group formation and
hydrolysis procedures (aand c).

We thus considered alternate approaches, e.g., Scheme 2.
Particularly, the acidic phenolic group para to the 6-fluorine
atom should be ionized under mild base conditions to
selectively react with benzyl bromide affording the expected
3-mono benzylated product under carefully controlled
conditions. When benzyl bromide (1.1 equiv.) was added
dropwise over a period of 4~5 h to the well-stirred reaction
mixture of compound 1 in a biphasic dichloromethane-
aqueous system (pH 10~11) using tetrabutylammonium
bromide (TBAB) as the phase-transfer catalyst (PTC), 3-O-
benzyl-6-fluoropyridoxol 7 was isolated as major product in
76% yield with small amounts of di-O-benzyl derlvatrves 3,

a*-di-O-benzyl-6-fluoropyridoxol (16%) and 3, a’-di- O-
benzyl -6-fluoropyridoxol (8%). The structure of 7 was
estabhshed on the basis of the coupling characteristics of a*,

-CH2 as doublets (‘]H 4, HO 4—6 0 HZ JH 5, HO- 5—5 4 HZ) and
a*, a’-OH as triplets in the '"H-NMR spectrum. Treatment of

HC

o r‘f M%r%ﬁ

1, FPOL

ol

GFPOL

Z

C

il

5R=H
6R=Ac Zd

f——

-

Scheme 1. Reagents and conditions: (a) 2% H,SOy, acetone, r.t. 4~5 h, 26%; (b) 2, 3, 4, 6-tetra-O-acetyl-a-D-galactopyranosyl bromide
(3), Hg(CN),, 4A M.S., CH,CL, r.t., 12 h, 85%; (c) 80% AcOH, 80 °C, 4~5 h, 15%; (d) Ac,O-Pyridine, 0 °C® r.t., 24 h, quantitative yield;

(e) NH3-MeOH, 0 °C®r.t., 24 h, quantitative yield.
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Scheme 2. Reagents and conditions: (a) benzyl bromide (1.1 equiv.), CH,Cl,-H,O, pH 10~11, 50 °C, TBAB, 4~5 h, 76%; (b) Ac,0-
Pyridine, 0 °C® r.t., 24 h, quantitative yield; (c) H,, Pd/C, r.t., 12 h, quantitative yields; (d) 2, 3, 4, 6-tetra-O-acetyl-a-D-galactopyranosyl
bromide (3), Hg(CN),, 4A M.S., CH,Cl,, r.t., 12 h, 90%; (¢) NH;-MeOH, 0 °C® r.t., 24 h, quantitative yield.

7 with acetic anhydride in pyridine from 0 °C to r.t. overnight
gave 3-O-benzyl-a“*, a’-di-O-acetyl-6-fluoropyridoxol 8 in
quantitative yield. The 3-benzyl protecting group was
removed under 5% Pd/C hydrogenation overnight affording
nucleophile a*, a’-di-O-acetyl-6-fluoropyridoxol 9 in
quantitative yield. 9 was then subjected to a procedure
similar to that described for the preparation of galactoside 4
giving 3-0-(2, 3, 4, 6-tetra-O-acetyl-b-D-galactopyranosyl)-
a*, a’-di-O-acetyl-6-fluoropyridoxol 6 in 90% yield. After
work up and deacetylation, the target compound GFPOL
was obtained in 68% overall yield over five steps.

Recognizing the differential reactivity of the 3 phenolic
group over the hydroxymethyl groups suggested a more
direct synthesis. Direct galactopyranosylation of 1 with 2, 3,
4, 6-tetra-O-acetyl-a-D-galactopyranosyl bromide 3 failed
as a result of the very low selectivity of the Koenigs-Knorr
glycosylation reaction for the 3 phenolic group in the
presence of the two free active hydroxymethyl groups.
Product 5 could not be isolated, but using 2, 3, 4, 6-tetra-O-
acetyl-a-D-galactopyranosyl bromide 3 phase-transfer
catalysis gave 5 (88%) directly, and GFPOL (88%) through
only two reaction steps (Scheme 3).

In conclusion, Scheme 3 provided a very efficient and
direct method to stereo- and regioselectively synthesize 3-O-
(b-D-galactopyranosyl)-6-fluoropyridoxol GFPOL in high
yields. Large-scale preparation of GFPOL can be performed
by these PTC methods.

Characteristics

As expected, GFPOL readily dissolves in saline, whole
blood, or PBS buffer, and is much more soluble than the
aglycone 1. GFPOL was stable in aqueous solutions in the
pH range 3 to 12 at temperatures from 25 to 37 °C for at

1, FPOL

b

S—

least 5 days. Cell viability assays [16] showed that neither
GFPOL nor FPOL exhibited significant cytotoxicity (Fig.
1). For GFPOL viability exceeded 98% at all concentrations
tested and for FPOL survival was > 80% up to 2 mM.

Proton decoupling was applied to simplify '’F NMR
spectra and sodium trifluoroacetate (NaTFA) in a capillary
was used as an external standard. GFPOL gave a single
narrow '’F NMR signal at d -3.22 ppm essentially invariant
(Dd£0.06 ppm) with pH in the range 3 to 12 and
temperatures from 25 to 37 °C. Addition of b-gal (E801A) in
PBS buffer (0.1M, pH=7.4) at 37 °C caused hydrolysis
releasing the pH indicator aglycone FPOL appearing also as
a single narrow '°F signal shifted up-field to d -11.21 ppm
(Fig. 2), consistent with our previous titration curve of
FPOL [15]. Sequential '"F NMR spectra showed that
GFPOL decreased monotonically, releasing free FPOL with
an initial rate of 4.3 mmol/min/unit (Fig. 3). For comparison
PFONPG gave 19 mmol/min/unit and OFPNPG gave 32
mmol/min/unit [12]. PFONPG was previously shown to
exhibit very similar substrate activity to the traditional
yellow biochemical indicator ONPG [12]. When GFPOL
was incubated with wild type human cancer cells (prostate
PC-3 or C4-2 (LNCaP lineage derived androgen independent
subline)) or (breast MCF-7) for 5 h in PBS buffer at 37 °C
under 5% CO, in air with 95% humidity, no changes were
observed in the '"F NMR spectra. However, addition of
GFPOL to cells from these lines, which had been
transfected transiently or stably to express b-gal led to
cleavage of GFPOL, as detected over a period of hours (Fig.
4).

GFPOL provides further evidence for the 'F NMR
approach to assessing enzyme activity in situ. We are
currently extending applications to imaging based on

OH OR;
OR
HO RO
N OH O
a N ORy
— I
HyC N E RO OR z
3 HsC N F

5R=Ac,Ri=H
6R-R,-Ac =—l¢
GFPOLR=R;=H =IP

Scheme 3. Reagents and conditions: (a) 2, 3, 4, 6-tetra-O-acetyl-a-D-galactopyranosyl bromide (3), CH,Cl,-H,O, pH 10~11, r.t., TBAB,
4~5 h, 88%; (b) NH3-MeOH, 0 °C® r.t., 24 h, quantitative yield; (c) Ac,O-Pyridine, 0 °C® r.t., 24 h, quantitative yield.
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Fig. (1). Cellular toxicity of reporter molecules o C4-2 cells (GFPOL), + PC3 cells (GFPOL), - MAT-Lu cells (FPOL), DMAT-Lu-LacZ

cells (FPOL), @l MAT-Lu-LacZ cells (GFPOL).

chemical shift selective excitation exploiting the large
chemical shift difference between the substrate and product.
We are also initiating studies in living animals and exploring
the utility of enzyme activated pH measurements.

EXPERIMENTAL
General Methods

NMR spectra were recorded on a Varian Inova 400
spectrometer (400 MHz for 'H, 100 MHz for "*C) with
CDCl;, acetone-dg or DMSO-dg, as solvents, and chemical
shifts referenced to TMS, as internal standard. "’F NMR (376
MHz) signals are referenced to dil. sodium trifluoroacetate
(NaTFA) in an external capillary. 2, 3, 4, 6-tetra-O-acetyl-a-
D-galactopyranosyl bromide (3) was purchased from Sigma.
Reactions requiring anhydrous conditions were performed
under nitrogen or argon. Hg(CN), was dried before use at 50
°C for 1 h, CH,Cl, was dried over Drierite. Solutions in
organic solvents were dried with anhydrous sodium sulfate,
and concentrated in vacuo below 45 °C. Column
chromatography was performed on silica gel (200~300
mesh) by elution with cyclohexane-EtOAc and silica gel
GF,s4 used for analytical TLC (Aldrich). Detection was
effected by spraying the plates with 5% EtOH/H,SO,
(followed by heating at 110 °C for 10 min.) or by direct UV.
Microanalyses were performed on a Perkin-Elmer 2400
CHN microanalyser.

b-Gal (E801A) was purchased from Promega and
enzymic reactions performed at 37 °C in PBS buffer (0.1M,
pH 7.4). For enzyme kinetic experiments, GFPOL (5.25
mg) was dissolved in PBS buffer (600 nlL, pH=7.4), a PBS
solution of b-gal (20 nL, E801A, lunit/mL) was added and
NMR data were acquired immediately at 37 °C.

Both PC-3 and C4-2 were plated at 5 million cells per
dish (P150) and grown for 24 h. Then PC-3 and C4-2 were
transfected for 48 h with a first generation adenovirus vector
encoding the lacZ gene driven by the CMV promoter. PC-3
was transfected with 50 moi and C4-2 with 10 moi of Ad-
CMV-lacz. After 48 h incubation and washing, cells were
trypsinized and concentrated to 10 million cells per ml. for
further use (NMR).

Human breast cancer cells MCF-7 were stably co-
transfected with pCMVb (Clontech, Palo Alto, CA, USA),
using TransFast™ Transfection Reagent (Promega, Madison,
WI, USA) comprising the E.coli lacZ gene located under the
human cytomegalovirus (CMV) immediate-early enhancer/
promoter region and pCI-neo (Promega, Madison, WI, USA)
carrying the neomycin phosphotransferase gene. For MCF-7
cells clonal selection was applied to identify those cells with
highest b-gal expression.

Control wild type and transfected human prostate tumor
cells (PC3 and C4-2 (LNCaP lineage derived androgen
independent subline)) and human breast tumor cells MCF-7

Fig. (2). "’F NMR spectra of GFPOL during the hydrolysis by b-gal in PBS buffer at 37 °C.
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Fig. (3). Relative action of b-gal (E801A) on GFPOL ( 4), PFONPG (D) and OFPNPG (O) in PBS buffer at 37 °C yielding FPOL ([J),
PFONP ([_]) and OFPNP (-), respectivley . In each case 20 units of b-gal (E801A) were added to 15 mmol substrate in PBS at 37 °C.

were grown in culture dishes under standard conditions and
harvested. GFPOL (1.84 mg) in PBS buffer (70 nlL) was
added to suspension of 107 cells in PBS buffer (530 ni) and
NMR data were acquired immediately, and again after
incubation for various times up to 5 h at 37 °C (prostate
tumor cells PC3 and C4-2) or at 22 °C (breast tumor cells
MCF-7).

The sensitivities of human prostate cancer cells PC3, C4-
2 and their LacZ transfected counterparts to GFPOL and
FPOL were quantified using a colorimetric CellTiter 96
Aqueous Nonradioactive MTS Cell Proliferation Assay
(Promega, Madison, WI, USA). The assays were ;)erformed
in triplicate using 24-well plates seeded with 10° cells per
well in 500 nL RPMI 1640 without phenol red and
supplemented with 10% FCS and 2 mM glutamine. After 24
h incubation, the medium was replaced with fresh RPMI
1640 containing various concentrations of GFPOL. For the

determination of ICsy drug concentrations, incubations with
GFPOL (0~7.5 mM) and FPOL (0~2 mM) were performed
for 72 h, followed by the MTS assay (Figure 1).

Syntheses
a’, a®-O-isopropylidene-6-fluoropyridoxol 2

A suspension of 6-fluoropyridoxol 1 (0.50 g, 2.67 mmol) in
anhydrous acetone (40 ml) containing 2% c.H,SO, was
stirred until TLC (4:1 cyclohexane-EtOAc) indicated
complete reaction (4~5 h), then cold saturated Na,CO;
solution was added with vigorous stirring up to pH 8~9. The
precipitate was filtered, the reaction mixture concentrated
under reduced pressure followed by purification on flash
silica gel column (4:1 cyclohexane-EtOAc) yielding
the acetonide 2 (0.64 g, 26%) as a syrup, Ry 0.34(4:1
cyclohexane-EtOAc), _y: 7.45(1H, s, HO-3), 5.03(2H, s,

Fig. (4). Kinetic curves showing changes in GFPOL (open symbols) and FPOL (closed symbols) during incubation with human C4-2
(square) and PC-3 (triangle) prostate and MCF-7 breast (circle) cancer cells transfected to express b-gal. Prostate cells were investigated at

37 °C, while breast cells were examined at 22 °C in PBS buffer.
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CH,-5), 4.57(2H, s, CH,-4), 2.33(3H, s, CH;-2), 1.55(6H, s,
2" CHy)ppm; _c: 154.49(s, Py-C), 152.20(s, Py-C), 144.14(d,
Jr.c=14.5 Hz, Py-C), 131.37(d, Jr.c=3.8 Hz, Py-C), 114.01(d,
Jr.c=32.9 Hz, Py-C), 99.51(s, CMe,), 59.04(d, Jp.c=3.8 Hz,
CH,-5), 54.51(s, CH,-4), 31.62(s, C(CH;),), 17.58(s, CHj-
2)ppm.

Anal. Caled. for C;;HisNO3;F(%): C, 58.13, H, 6.21, N,
6.17; Found: C, 58.08, H, 6.16, N, 6.11.

3-0-(2, 3, 4, 6-tetra-O-acetyl-b-D-galactopyranosyl)-a*, a°-
O-isopropylidene-6-fluoropyridoxol 4

To a solution of a*  a’-O-isopropylidene-6-
fluoropyridoxol 2 (0.62 g, 2.72mmol) and Hg(CN), (0.88 g,
3.50 mmol) in dry CH,Cl, (10 mL) containing freshly
activated 4A molecular sieve (2 g) was added dropwise 3
(1.23 g, 3.0 mmol, 1.1 equiv. in CH,Cl,). The mixture was
stirred overnight in the dark at r.t. under N, until TLC
indicated complete reaction. The mixture was diluted with
CH,Cl, (30 mL), filtered through Celite, washed, dried
(Na,;SO4) and concentrated in vacuo. The residue was
purified on a silica gel column (2:3 cyclohexane-EtOAc) to
yield 4 (1.29 g, 85%) as syrup, Ry 0.40(2:3 cyclohexane-
EtOAc), _y: 4.64(1H, d, J;-, ,=8.0 Hz, H-1"), 5.25(1H, dd,
Jyr, 3=10.0 Hz, H-2"), 5.02(1H, dd, J;- »=3.6 Hz, H-3’),
5.41(1H, dd, Js, s=3.2 Hz, H-4%), 3.97(1H, m, H-5),
421(1H, dd, Js: =44 Hz, Js», o= 11.2 Hz, H-62),
4.13(1H, dd, Js ¢»=7.2 Hz, H-6b"), 5.10(1H, d, Jcuz-4a, cio-
4b:8.0 HZ, CH2-43), 467(1H, d, JCH2-4a, CH2-4b:8-0 HZ, CH2-
4b), 5.14(1H, d, Jcuz-sa, c2-5b=9.6 Hz, CH,-5a), 5.12(1H, d,
Jemz-sa, cma-5p=9.6 Hz, CH,-5b), 2.42(3H, s, CH;-2), 2.17,
2.09, 2.08, 1.99(12H, 4s, 4" CH;CO), 1.61, 1.59(6H, 2s,
2" CHy)ppm; _c: 170.78, 170.39, 170.26, 170.11(4s,
4 CH5CO), 155.44(s, Py-C), 153.15(s, Py-C), 145.48(d, Jg.
c=15.2 Hz, Py-C), 133.16(d, Jr.c=4.0 Hz, Py-C), 116.95(d,
Jr.c=32.1 Hz, Py-C), 101.41(s, CMe,), 100.03(s, C-1’),
68.70(s, C-2"), 70.82(s, C-3’), 67.12(s, C-4’), 71.53(s, C-57),
64.28(s, C-6"), 55.38(s, CHy-4), 61.58(s, CH,-5), 31.88(s,
C(CHs),), 20.90, 20.89, 20.82, 20.77(4s, 4" CH;CO),
18.77(s, CH5-2)ppm.

Anal. Caled. for C,sH3,NO,F(%): C, 53.84, H, 5.79, N,
2.51; Found: C, 53.79, H, 5.74, N, 2.49.

3-0-(2, 3, 4, 6-tetra-O-acetyl-b-D-galactopyranosyl)-6-
fluoropyridoxol 5

A mixture of 3-O-(2, 3, 4, 6-tetra-O-acetyl-b-D-galacto-
pyranosyl)-a*,  a*-O-isopropylidene-6-fluoropyridoxol 4
(1.25 g, 2.50 mmol) in 80% AcOH (40 mL) was stirred at 80
°C for 4~5 h, until TLC (1:3 cyclohexane-EtOAc) showed
complete reaction. The cooled mixture was neutralized with
cold saturated Na,COs, extracted (EtOAc, 4 30 mL),
concentrated and purified by flash silica gel column (1:4
cyclohexane-EtOAc) yielding 5 (0.17 g, 15%) as a syrup, Ry
0.18(1:4 cyclohexane-EtOAc), dy: 4.79(1H, d, J;- ,=8.0 Hz,
H-17), 5.55(1H, dd, J»- ;=10.6 Hz, H-2"), 5.10(1H, dd, Js-,
+=3.6 Hz, H-3’), 5.41(1H, dd, J,- 5=3.6 Hz, H-4’), 3.88(1H,
m, H-5%), 4.24(1H, dd, Js- ¢,=4.4Hz, ¢y, »=12.0 Hz, H-62’),
4.09(1H, dd, Js ¢,=6.0 Hz, H-6b"), 5.01(2H, d, Jcuz-4a, cho-
4b:‘]CH2-Sa, CH2»5b:12~4 HZ, CH2-4a, CHz-Sa), 462(1H, d, \]CHZ_
4a, CH2-4b:12~4HZ, CH2-4b), 466(1H, d, ‘]CHZ-Sa, CH2-5b:12~4
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Hz, CH,-5b), 3.50(1H, m, HO-4, exchangeable with D,0),
3.56(1H, m, HO-5, exchangeable with D,0), 2.47(3H, s,
CH;-2), 2.23, 2.17, 2.02, 2.00(12H, 4s, 4 CH;CO)ppm; _c:
170.32, 170.28, 170.18, 169.48(4" CH;CO), 158.78(s, Py-C),
156.42(s, Py-C), 150.33(d, Jr.c=15.2 Hz, Py-C), 147.62(d,
Jr.c=4.6 Hz, Py-C), 120.17(d, Jr.c=32.0 Hz, Py-C), 102.39(s,
C-1"), 68.91(s, C-2), 70.74(s, C-3°), 67.19(s, C-4’), 71.93(s,
C-57), 61.98(s, C-6"), 55.91(s, CH,-4), 59.60(s, CH,-5),
20.99, 20.85, 20.70, 20.67(4s, 4 CH3CO), 19.46(s, CH;-
2)ppm.

Anal. Caled. for CHpsNO,F(%): C, 51.05, H, 5.46, N,
2.71; Found: C, 51.00, H, 5.39, N, 2.68.

As an alternative, 5 was synthesized from 1 directly by
phase transfer catalysis. To a well stirred CH,Cl, (10 mL)-
H,O (10 mL) biphasic mixture (pH 10~11) of 1 (0.5 g,
2.67mmol) and tetrabutylammonium bromide (TBAB; 0.1 g,
0.31mmol) as the phase-transfer catalyst, a solution of 2, 3,
4, 6-tetra-O-acetyl-a-D-galactopyranosyl bromide (3)(1.21
g, 2.94 mmol, l.lequiv.) in CH,Cl, (10 mL) was added
dropwise over a period of 4~5 h at r.t, and the stirring
continued for an additional hour. The products were
extracted (EtOAc, 4" 20 mL), washed free of alkali, dried
(Na,SOy), concentrated and the residue purified by column
chromatography on silica gel (1:4 cyclohexane-EtOAc) to
afford 5 (1.08 g, 88%) as a syrup, which was identical in all
respects to the product obtained above.

3-0-(2, 3, 4, 6-tetra-O-acetyl-b-D-galactopyranosyl)-a*, a°-
di-O-acetyl-6-fluoropyridoxol 6

A solution of 5 (1.20 g, 2.64mmol) in pyridine (30 mL)
was treated with Ac,O (15 mL). The reaction mixture was
stirred from 0 °C to r.t. overnight, coevaporated with toluene
under reduced pressure and the residue purified by flash
silica gel column chromatography (1:1 cyclohexane-EtOAc)
to give 6 (1.56 g, 100%) as a foamy solid, Ry 0.32(1:2
cyclohexane-EtOAc), dy: 5.15(1H, d, J;:, »» =7.8 Hz, H-1"),
5.18(1H, dd, J,:, 5=10.8 Hz, H-2"), 4.17(1H, dd, J;-, 4+=6.0
Hz, H-3%), 5.41 (1H, dd, J4 5=5.6 Hz, H-4"), 5.31(1H, m, H-
5%), 4.06(1H, dd, Js-, ¢,=5.2 Hz, Jgr, ¢»= 12.0 Hz, H-62’),
4.01(1H, dd, Js:, ¢=0.8 Hz, H-6b’), 5.28(2H, m, CH,-5),
5.12(2H, s, CH,-4), 2.44(3H, s, CH;-2), 2.17, 2.12, 2.03,
2.02, 1.99, 1.96(18H, 6s, 6 CH;CO)ppm; dc: 170.42,
170.41, 170.29, 170.25, 170.00, 169.68(6° CH;CO),
158.91(s, Py-C), 156.57(s, Py-C), 152.36(d, Jp.c=16.0 Hz,
Py-C), 147.05(d, Jp.c=4.6 Hz, Py-C), 115.53(d, Jp.c=32.0 Hz,
Py-C), 101.97 (s, C-17), 69.10(s, C-2%), 70.51(s, C-3°),
67.63(s, C-4%), 70.84(s, C-5"), 60.20(s, C-6"), 57.13(s, CH,-
4), 61.44(s, CH,-5), 21.15, 20.88, 20.86, 20.84, 20.80,
20.76(6s, 6" CH;CO), 19.83(s, CH;-2)ppm.

Anal. Calcd. for C,H3,NO4F(%): C, 51.90, H, 5.37, N,
2.33; Found: C, 51.88, H, 5.31, N, 2.29.

3-O-(b-D-galactopyranosyl)-6-fluoropyridoxol GFPOL

Compound 6 (1.25 g, 2.1 mmol) was deacetylated with
0.5M NH3/MeOH (30 mL) from 0 °C to r.t. giving the free
galactopyranoside GFPOL (0.75 g) as a foamy solid in
quantitative yield, Ry 0.21 (1:9 MeOH-EtOAc), dy: 4.43(1H,
d, J;-, »= 8.0 Hz, H-1"), 3.63(1H, dd, J- ;=8.8 Hz, H-2"),
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3.39(1H, dd, J;5- »=3.2 Hz, H-3"), 4.54(1H, dd, J,- 5=2.8 Hz,
H-4%), 4.69(1H, m, H-5), 3.45(1H, dd, Js ¢;=4.4 Hz, Jsx,
e=10.8Hz, H-6a"), 3.07 (1H, dd, Js. ¢=6.0 Hz, H-6b"),
5.20~4.70(4H, br, HO-2’, 3’, 4’, 6°, exchangeable with
D,0), 4.53(2H, s, CH,-4), 4.71(2H, s, CH,-5), 3.39(2H, br,
HO-4, 5, exchangeable with D,0), 2.42(3H, s, CH3-2)ppm;
dc: 158.03(s, Py-C), 155.71(s, Py-C), 150.28(d, Jr.c=15.3
Hz, Py-C), 147.61(d, Jr.c=5.3 Hz, Py-C), 119.71 (d, Jg
=31.3 Hz, Py-C), 105.62(s, C-1"), 70.90(s, C-2’), 73.06(s,
C-3°), 68.14(s, C-4"), 75.47(s, C-5), 60.58(s, C-6’), 53.79(s,
CH,-4), 54.65(s, CH,-5), 19.40(s, CH3-3)ppm.

Anal. Caled. for C4HyNOsF(%): C, 48.12, H, 5.77, N,
4.01; Found: C, 48.08, H, 5.75, N, 3.97.

3-O-Benzyl-6-fluoropyridoxol 7

To a well stirred CH,Cl,(15 mL)-H,O(20 mL) biphasic
mixture (pH 10~11) of 1 (1.0 g, 5.34 mmol) and TBAB (0.3
g, 0.93mmol), a solution of benzyl bromide (1.02 g, 5.88
mmol, 1.1 equiv.) in CH,Cl, (15 mL) was added dropwise
over a period of 4~5 h, while the reaction temperature was
maintained at 50 °C, and the stirring continued for an
additional hour. The products were extracted (CH,Cl,, 4" 30
mL), washed free of alkali, dried (Na,SQO,), concentrated and
the residue purified by column chromatography on silica gel
(1:2 cyclohexane-EtOAc) to afford major product 7 and
small amounts of di-O-benzyl-6-fluoropyridoxol derivatives.

3-O-Benzyl-6-fluoropyridoxol 7

(1.12 g, 76%), white crystalline, Ry 0.38(1:2
cyclohexane-EtOAc), dy: 7.39(5H, m, Ar-H), 4.90(2H, s,
PhCH,), 4.75(2H, d, Jus, uo-s=5.4 Hz, CH,-5), 4.72(2H, d,
Jy4,10.4=6.0 Hz, CH,-4), 3.57(1H, t, Jy.5, no-s=5.4 Hz, HO-5,
exchangeable with D,0), 3.49(1H, t, Jyy.4, 104=6.0 Hz, HO-4,
exchangeable with D,0), 2.44(3H, s, CH;-2)ppm; dc:
157.38(s, Py-C), 155.82(s, Py-C), 149.55(d, Jr.c=4.7 Hz, Py-
C), 146.97(d, Jr.c=4.0 Hz, Py-C), 119.09(d, Jr.c=31.2 Hz,
Py-C), 136.33, 128.96, 128.88, 128.57(Ph-C), 55.99(s,
PhCH,, CH,-4), 56.76(s, CH,-5), 19.31(s, CH3-2)ppm.

Anal. Caled. for C;sH;(NOs;F(%): C, 64.96, H, 5.82, N,
5.05; Found: C, 64.95, H, 5.79, N, 5.04.

3, a*-Di-0O-benzyl-6-fluoropyridoxol

(0.30 g, 16%), syrup, R¢ 0.30(1:2 cyclohexane-EtOAc),
dy: 7.46~7.33(10H, m, Ar-H), 4.90(2H, s, PhCH,-3),
4.69(2H, s, PhCH,-4), 4.64(2H, d, Ju.s5 no-s=4.8 Hz, CH,-5),
4.62(2H, s, CH,-4), 3.37(1H, t, Jus, nos=4.8 Hz, HO-5,
exchangeable with D,0), 2.44(3H, s, CH;-2)ppm; dc:
157.98(s, Py-C), 155.65(s, Py-C), 152.10(d, Jr.c=14.5 Hz,
Py-C), 150.04(d, Jr.c=4.6 Hz, Py-C), 116.16(d, Jr.c=31.3 Hz,
Py-C), 136.91, 136.59, 128.92, 128.76, 128.56, 128.48,
128.44(Ph-C), 77.21(s, PhCH,-3), 73.48(s, PhCH,-4),
56.73(s, CH,-4), 63.30(s, CH,-5), 19.65(s, CH;-2)ppm.

Anal. Calcd. for C,,H,nNO3F(%): C, 71.90, H, 6.04, N,
3.81; Found: C, 71.86, H, 5.99, N, 3.77.
3, a®-Di-0O-benzyl-6-fluoropyridoxol

(0.16 g, 8%), syrup, Ry 0.25(1:2 cyclohexane-EtOAc),
dy: 7.39~7.30(10H, m, Ar-H), 4.77(2H, s, PhCH,-3),
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4.66(2H, d, Jy.4, no+=6.8 Hz, CH,-4), 4.63(2H, s, CH,-5),
4.58(2H, s, PhCH,-5), 2.95(1H, t, Jy.4, no4=6.8 Hz, HO-5,
exchangeable with D,0), 2.46(3H, s, CH;-2)ppm; dc:
158.39(s, Py-C), 156.04(s, Py-C), 151.04(d, Jr.c=14.5 Hz,
Py-C), 149.72(d, Jr.c=4.6 Hz, Py-C), 120.36(d, Jr.c=32.8 Hz,
Py-C), 136.78, 136.30, 128.92, 128.77, 128.60, 128.55,
128.27(Ph-C), 77.05(s, PhCH,-3), 73.97(s, PhCH,-5),
56.09(s, CH,-4), 63.66(s, CH,-5), 19.43(s, CH;-2)ppm.

Anal. Calced. for CxH,uNOsF(%): C, 71.90, H, 6.04, N,
3.81; Found: C, 71.88, H, 6.01, N, 3.78.

3-O-Benzyl-a*, a°-di-O-acetyl-6-fluoropyridoxol 8

Acetylation of 7 (1.10 g, 4.0 mmol) was carried out as
described above for 6 to give 8 (1.43 g, 100%), white
crystalline, Ry 0.44(3:2 cyclohexane-EtOAc), dy: 7.40(5H,
m, Ar-H), 4.98(2H, s, CH,-5), 4.92(2H, s, PhCH,), 4.85(2H,
s, CH»-4), 2.46(3H, s, CH;-2), 2.20, 2.17(6H, 2s,
2" CH;CO)ppm; dc: 170.58, 170.46(2° CH;CO), 158.48(s,
Py-C), 155.98(s, Py-C), 150.35(d, Jp.c=5.0Hz, Py-C),
147.68(d, Jp.c=4.4 Hz, Py-C), 120.06(d, Jp.c=31.6 Hz, Py-C),
137.43, 129.66, 129.38, 128.88(Ph-C), 56.69(s, PhCH,, CH,-
4), 57.66(s, CH,-5), 21.45, 20.98(2s, 2" CH;CO), 19.36(s,
CH;-2)ppm.

Anal. Caled. for C;gHyNOsF(%): C, 63.13, H, 5.58, N,
3.88; Found: C, 63.09, H, 5.53, N, 3.86.

a*, a®-di-O-acetyl-6-fluoropyridoxol 9

A mixture of 8 (1.20 g, 3.32 mmol) and 5% Pd-C (500
mg) in MeOH (100 mL) was stirred for 24 h at r.t. under H,
atmosphere. After filtration, the filtrate was evaporated to
afford 9 in quantitative yields (white crystals), Ry 0.24(3:2
cyclohexane-EtOAc), dy: 7.56(1H, s, HO-3), 5.08(2H, s,
CH,-5), 491(2H, s, CH»-4), 2.48(3H, s, CH;-2), 2.22,
2.18(6H, 2s, 2" CH;CO)ppm; dc: 170.56, 170.50(2" CH;CO),
158.68(s, Py-C), 156.00(s, Py-C), 150.75(d, Jp.c=5.1 Hz, Py-
C), 147.88(d, Jr.c=4.2 Hz, Py-C), 120.09(d, Jr.c=31.9 Hz,
Py-C), 56.88(s, CHy-4), 57.94(s, CH,-5), 21.65, 20.89(2s,
2" CH;CO), 19.44(s, CH;3-2)ppm.

Anal. Caled. for C;p,HsNOsF(%): C, 53.11, H, 5.20, N,
5.17; Found: C, 53.08, H, 5.17, N, 5.14.
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Novel NMR Platform for Detecting Gene Transfection: Synthesis
and Evaluation of Fluorinated Phenyl f-D-Galactosides with
Potential Application for Assessing LacZ Gene Expression’
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Gene therapy holds great promise for the treatment of diverse diseases, but widespread implementation
is hindered by difficulties in assessing the success of transfection. The development of noninvasive
reporter techniques based on appropriate molecules and imaging modalities may help to assay gene
expression. Fluorophenyl-3-D-galactopyranosides provide a novel class of NMR active molecules, which
are highly responsive to the action of 3-galactosidase (3-gal), the product of the lacZ gene. The reporter
molecules are stable in solution and with respect to wild-type cells, but the enzyme causes liberation
of the aglycon, a fluorophenol, accompanied by distinct color formation and a '’F NMR chemical shift
of 5—10 ppm, depending on pH. Synthetic strategy, experimental methods, and molecular and F
NMR characteristics are reported for a series of molecules in solution, blood, and tumor cells. This
class of molecules presents a new strategy for assaying gene expression with a highly versatile

molecular structural platform.

INTRODUCTION

Gene therapy holds great promise for the treatment
of diseases including cancer, cystic fibrosis, and immu-
nodeficiency. However, a major hurdle to widespread
successful implementation is the need to verify successful
transfection, in particular, the spatial distribution of gene
expression in the target tissue, together with assays of
the longevity of expression. An image-based assay could
greatly facilitate optimal gene therapy vector dosing, in
a precise temporal and spatial manner.

Two approaches are gaining popularity for reporter
genes. One method favors the use of genes producing
reporter molecules such as green fluorescent protein,
which are directly detectable by physical methods such
as fluorescence. The second approach uses genes to
produce enzymes, which act upon substrates adminis-
tered to specifically interrogate gene expression. A critical
criterion is that the reporter gene not be normally present
or expressed in the cells of interest. The most popular
reporter genes today are associated with optical imaging,
because this is a cheap modality and is highly sensitive
and the results are rapidly available (I, 2). Thus,
fluorescent imaging of green fluorescent protein [GFP!
and longer wavelength variants (3)] and bioluminescent
imaging (BLI) of luciferase activity on administered
D-luciferin (4) are popular. These techniques are useful
only in superficial tissues and have extensive applications
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in mice, but application to larger bodies is limited by
shallow light penetration.

Several nuclear medicine approaches have been dem-
onstrated by exploiting the action of thymidine kinase
on a variety of substrates including iodo- and fluoro-
nucleosides, such as FIAU and gancyclovir, and various
radionuclide labels including %I, 124, 121 and '8F (5, 6).
For cancer, thymidine kinase has the advantage that not
only does the gene serve as a reporter, but the gene
products can themselves have therapeutic value. An
alternative approach uses the sodium iodine symporter
(hNIS), which works well with both iodide and pertech-
netate substrates (7).

NMR has been applied to cells transfected to express
melanin or transferrin resulting in iron accumulation,
which produces proton MRI contrast (8, 9). 1°F NMR has
been used to detect conversion of 5-fluorocytosine to
5-fluorouracil following introduction of cytosine deami-
nase (10).

Historically, the bacterial lacZ gene, encoding the
enzyme f-galactosidase (5-gal, EC 3.2.1.23), has been the
most popular reporter gene. The lac operon was the first
gene expression system to be well characterized, some
40 years ago by Jacob and Monod (11), and it is a
recognized tool for the study of problems in cell and
molecular biology and the recently emerging fields of
genomics and proteomics (12). Its induction has become
a standard means of assaying clonal insertion and
transcriptional activation (13). The long-established tests
for S-gal based on colorimetric assay of o- and p-nitro-
phenyl--galactopyranoside hydrolysis to release yellow
o- or p-nitrophenols remain popular (14). However,
because of the broad substrate specificity of the enzyme,
alternate reporter substrates have been proposed (15—
19), and many are commercially available. Fluorogenic
galactosides based on fluorescein and resorufin, such as
p-naphtholbenzein, 1,2-dihydroxyanthraquinone, 4-me-
thylumbeliferone, 5-bromo-4-chloro-3-indoxyl-3-galacto-
pyranoside (X-Gal), and 3,4-cyclohexenoesculetin-j3-
galactopyranoside (S-Gal) are well established (16, 20—
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Reaction conditions: (a) CH.Cl>-H,O, pH 8~9, 50 °C, TBAB, ~1 hr, near quantitative
yield; (b) NHz-MeOH, 0 °C—r.t., 24 hr, quantitative yields.
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Figure 1. Reactions and structures of 1—22.

23). The staining methodologies described above are
effective for histological specimens and in vitro, but in
vivo capabilities would promise new applications to study,
and clinically evaluate, gene transfection.

Recently, Louie et al. (24) demonstrated an elegant
MRI assessment of f-gal activity based on 1-[2-(3-D-
galactopyranosyloxy)propyl]-4,7,10-tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecane)gadolinium(III) (EgadMe).
Access of water to the first coordination sphere of the
paramagnetic Gd?" is blocked by a galactopyranose
bridge, but f-gal cleaves the bridge, yielding a 20%
increase in relaxivity. Whereas EgadMe is a poor sub-
strate for the enzyme (several orders of magnitude less
efficient than the colorimetric biochemical agent ONPG)
and does not penetrate cells, it facilitated effective
investigation of cell lineage following direct intracellular
microinjections (24). These studies prompted us to con-
sider other NMR active analogues, and it appeared that
introduction of a fluorine atom into the popular colori-
metric biochemical indicator ONPG could produce a
strong candidate molecule. Diverse fluorinated reporter
molecules have been successfully applied previously to
metabolic and physiological studies (25, 26). 1°F-labeled
molecules exploit the high NMR visibility of fluorine, the
great NMR sensitivity of 'F to the environmental milieu,
and the lack of background signal. We recently reported
the successful synthesis of a prototype reporter molecule,
p-fluoro-o-nitrophenyl g-nD-galactopyranoside (PFONPG;
16), and demonstrated initial NMR applications (27). We
have now synthesized and evaluated a series of analogues
and provide structural characterization, together with
evaluation of their activity in solution and in cell culture,
and compare the relative merits of the substrates.

EXPERIMENTAL SECTION

General Methods. NMR spectra were recorded on
Varian Inova spectrometers (400 or 600 MHz for 'H, 100
or 150 MHz for 3C) with CDCl; (for 9—15) or DMSO-dg
(for 16—22) as solvents, and 'H and 3C chemical shifts
were referenced to TMS, as internal standard. Com-
pounds were characterized by acquisition of H, 3C,
DEPT, 'H-'H COSY, or NOESY experiments at 25 °C.
9F NMR (376 MHz) measurements were performed at
25—37 °C in aqueous solution with F signals referenced
to dilute sodium trifluoroacetate (NaTFA) in a capillary,
as an external standard. High-resolution mass spectra
were obtained on an ABI Voyager STR MALDI-TOF mass
spectrometer in reflector mode (service provided by Dr.

Tichy, Department of Chemistry, Texas A&M Univer-
sity).

Reactions requiring anhydrous conditions were per-
formed under nitrogen or argon. Solutions in organic
solvents were dried with anhydrous sodium sulfate and
concentrated in vacuo below 45 °C. Column chromatog-
raphy was performed on silica gel (200—300 mesh) with
cyclohexane—EtOAc. Analytical TLC (silica gel GFas4;
Aldrich Chemical Co.) used detection by UV or staining
with 5% ethanolic H,SO4 at 110 °C for 10 min.

Although many nitrophenol glycosides have been de-
scribed (28, 29) including nitrophenyl fluorogalactoside
(30), to our knowledge there have been no published
syntheses of the -bD-galactosides 16—22. For the con-
struction of O-glycosidic linkages, many strategies are
available using anhydrous zinc chloride (for the o ano-
mer) or p-toluenesulfonic acid (for the f anomer), but the
p-nitrophenyl glycosides were usually obtained in low
yield (31—33).

We initially tested the method of Yoon et al. (30), which
involves the reaction of a potassium salt of an acidic
phenol with an a-D-galactopyranosyl bromide. Aryl 3-D-
galactopyranosides 16 and 17 were prepared by a nu-
cleophilic substitution reaction of a phenolate ion on
acetobromo-a-D-galactose 1 followed by saponification of
the acetyl groups. We applied two different procedures
for generating the phenolate ion, depending on the acidity
of the phenol. The brightly colored solid potassium salts
of fluoronitrophenols 2 and 3 could be isolated by lyo-
philizing an aqueous solution of phenol with a slight
excess of aqueous KOH. The salts were subsequently
used directly in excess for the synthesis of the corre-
sponding fluoronitrophenyl tetra-O-acetyl 5-D galactopy-
ranosides 9 and 10. Compounds 9 and 10 were isolated
pure in moderate yields (58 —77%) after basic extractive
workup and flash chromatography. A different strategy
had to be applied for the less acidic 2-fluorophenol 5. The
phenolate was generated in situ with KsCOj in refluxing
acetone in the presence of a catalytic amount of 18-
crown-6 (34).

However, given the reported high yields, mild reaction
conditions, and high stereospecificity, we ultimately
explored phase-transfer catalysis for the synthesis of our
desired glycosides (Figure 1) (30, 34).

Fluorophenyl g-pD-Galactopyranoside Tetraace-
tates 9—15. General Procedure (Figure 1). A solution of
1 (1 mmol; 2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl
bromide, Sigma) in CHCl; (5 mL) was added dropwise
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to a vigorously stirred solution of fluorophenol 2—8 (1.2
mmol) and tetrabutylammonium bromide (0.48 g, 1.5
mmol) in H,O (5 mL; pH 8—-9) at 50 °C in a three-neck
round-bottom flask equipped with a condenser and
thermometer. After TLC showed complete reaction (~1
h), the organic layer was separated, washed, dried,
evaporated under reduced pressure, and recrystallized
(EtOH—H,0) or purified by column chromatography on
silica gel to give fluorinated aryl 5-D-galactopyranoside
tetraacetates 9—15, as white crystals.
2-Nitro-4-fluorophenyl 2,3,4,6-tetra-O-acetyl-f-D-galac-
topyranoside 9: 0.5 g, 99%; Ry 0.31 (3:2 cyclohexane—
EtOAc); 6x 7.55 (1H, dd, J = 3.0, 8.4 Hz, Ar—H), 7.42
(1H, dd, J = 4.8, 9.0 Hz, Ar—H), 7.27 (1H, m, Ar—H),
5.04 (1H, d, J12 = 7.8 Hz, H-1), 5.52 (1H, dd, J53 = 8.4
Hz, H-2), 5.11 (1H, dd, J34 = 3.0 Hz, H-3), 5.47 (1H, d,
Ju5 = 2.6 Hz, H-4), 4.07 (1H, m, H-5), 4.26 (1H, dd, J56.
=4.2 HZ, Jea’ﬁb =114 HZ, H-6a), 4.17 (1H, dd, J5,6b =
5.4 Hz, H-6b), 2.20, 2.14, 2.07, 2.02 (12H, 4s, 4 x CHs-
CO); o¢ 170.43, 170.31, 170.24, 169.62 (4 x CH3CO),
157.70 (d, Jr—c = 164.8 Hz, Ar—C), 145.66 (Ar—C), 141.86
(d, Jp—c = 5.7 Hz, Ar—C), 122.68 (d, Jp-c = 4.9 Hz, Ar—
C), 120.77 (d, Jr_c = 15.2 Hz, Ar—C), 112.60 (d, Jr_c =
18.3 Hz, Ar—C), 101.40 (C-1), 68.01 (C-2), 70.63 (C-3),
66.86 (C-4), 71.58 (C-5), 61.45 (C-6), 21.25, 21.10, 20.38,
20.25 (4 x CH3CO); HRMS, [M + Na]*, CooH22NO15FNa,
caled 510.1024, found 510.1014; [M + K], CooH92NO1s-
FK, calced 526.0763, found 526.0751.
2-Fluoro-4-nitrophenyl 2,3,4,6-tetra-O-acetyl-f-D-galac-
topyranoside 10: 0.5 g, 99%; Ry 0.35(3:2 cyclohexane—
EtOAc); 65 8.03 (2H, m, Ar—H), 7.32 (1H, m, Ar—H), 5.13
(1H, d, J12 = 7.8 Hz, H-1), 5.58 (1H, dd, J23 = 10.2 Hz,
H-2), 5.15 (1H, dd, J54 = 3.6 Hz, H-3), 5.40 (1H, dd, J45
= 3.6 Hz, H-4), 4.10 (1H, ddd, J56, = 4.5 Hz, J56, = 5.0
Hz, H-5), 4.26 (1H, dd, Je. 6, = 11.0 Hz, H-6a), 4.19 (1H,
dd, H-6b), 2.21, 2.11, 2.08, 2.04 (12H, 4s, 4 x CH;CO);
oc 170.45, 170.26, 170.21, 169.44 (4 x CH3CO), 152.23
(d, Jp-c = 252.0 Hz, Ar—C), 150.07 (d, Jr—c = 10.6 Hz,
Ar—C), 120.51 (d, Jp-¢ = 9.2 Hz, Ar—C), 118.53 (d, Jr—¢
= 11.7 Hz, Ar—C), 113.11 (d, Jr—¢c = 23.7 Hz, Ar—C),
100.28 (d, Jr-c = 3.1 Hz, C-1), 68.34 (C-2), 70.57 (C-3),
66.81 (C-4), 71.83 (C-5), 61.45 (C-6), 20.80, 20.77, 20.72,
20.33 (4 X CchO), HRMS, [M + Na]*, CongzNOleNa,
caled 510.1010, found 510.1014; [M + K], CoH22NO1»-
FK, caled 526.0763, found 526.0751.
2-Nitro-6-fluorophenyl 2,3,4,6-tetra-O-acetyl-f-D-galac-
topyranoside 11: 0.49 g, 98%; R;0.30 (3:2 cyclohexane—
EtOAc); oy 7.58 (1H, ddd, J = 1.2, 1.4, 8.8 Hz, Ar—H),
7.39 (1H, ddd, J = 1.8, 8.4, 9.8 Hz, Ar—H), 7.29 (1H, m,
Ar—H), 5.02 (1H, d, J1» = 8.0 Hz, H-1), 5.48 (1H, dd, J2 5
= 10.4 Hz, H-2), 5.08 (1H, dd, J54 = 5.4 Hz, H-3), 5.41
(1H, dd, J45 = 3.6 Hz, H-4), 3.90 (1H, m, H-5), 4.11 (1H,
dd, J56. = 7.8 Hz, Jga 6, = 10.2 Hz, H-6a), 4.08 (1H, dd,
Js.6 = 7.2 Hz, H-6b), 2.20, 2.14, 2.01, 2.00 (12H, 4s, 4 x
CH;CO); d¢ 170.45, 170.19, 169.61 (4 x CH3CO), 155.84
(d, Jr-c = 251.8 Hz, Ar—C), 146.01 (Ar—C), 137.17 (d,
Jr_c = 15.3 Hz, Ar—C), 125.66 (d, Jr_c = 7.6 Hz, Ar—C),
121.11 (d, Jr-c = 20.6 Hz, Ar—C), 120.22 (d, Jr-c = 3.8
Hz, Ar—C), 102.84 (d, Jr-c = 2.3 Hz, C-1), 68.75 (C-2),
70.76 (C-3), 66.74 (C-4), 71.41 (C-5), 61.02 (C-6), 20.82,
20.79, 20.70, 20.66 (4 x CH3;CO); HRMS, [M + Na]*,
Co0H22NO2FNa, caled 510.1024, found 510.1011; [M +
KJ*, CooH22NO1oFK, caled 526.0763, found 526.0750.
2-Fluorophenyl 2,3,4,6-tetra-O-acetyl-f-D-galactopyra-
noside 12: 0.45 g, 98%; R;0.40 (3:2 cyclohexane—EtOAc);
ou 7.48 (1H, dd, J = 2.0, 10 Hz, Ar—H), 7.36 (1H, m, Ar—
H), 7.30 (1H, m, Ar—H), 7.22 (1H, m, Ar—H), 5.54 (1H,
d, J12 = 8.4 Hz, H-1), 5.48 (1H, dd, J»5 = 10.0 Hz, H-2),
5.09 (1H, dd, Js4 = 4.4 Hz, H-3), 5.40 (1H, d, J45 = 3.0
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Hz, H-4), 4.24 (1H, m, H-5), 4.18 (1H, dd, /56, = 7.5 Hz,
Jeasp = 10.4 Hz, H-6a), 4.08 (1H, dd, J5 6, = 7.0 Hz, H-6b),
2.19, 2.10, 2.04, 2.02 (12H, 4s, 4 x CH3CO); d¢ 170.66,
170.23, 170.10, 169.58 (4 x CH3CO), 156.14 (Ar—C),
146.01 (d, Jr—c = 245.9 Hz, Ar—C), 136.58 (d, Jp—c = 14.8
Hz, Ar—C), 126.08 (d, Jr-¢c = 7.9 Hz, Ar—C), 122.33 (d,
Jr_c = 26.3 Hz, Ar—C), 121.33 (d, Jr—c = 6.8 Hz, Ar—C),
101.89 (d, Jy-c = 2.6 Hz, C-1), 68.85 (C-2), 70.58 (C-3),
66.79 (C-4), 71.56 (C-5), 61.33 (C-6), 20.77, 20.70, 20.60,
20.58 (4 X CH3CO), HRMS, [M + Na]+, ConggNOloFNa,
caled 465.1173, found 465.1169; [M + K] ', CooH3NO,-
FK, caled 481.0912, found 481.0907.

4-Fluorophenyl 2,3,4,6-tetra-O-acetyl-f-D-galactopyra-
noside 13: 0.42 g, 95%; R;0.45 (3:2 cyclohexane—EtOAc);
on 6.99 (4H, m, Ar—H), 4.98 (1H, d, J, 2 = 8.0 Hz, H-1),
5.48 (1H, dd, J235 = 10.0 Hz, H-2), 5.11 (1H, dd, J34 =
4.2 Hz, H-3), 5.45 (1H, d, J45 = 2.4 Hz, H-4), 4.06 (1H,
m, H-5), 4.24 (1H, dd, J56. = 7.2 Hz, Jga6, = 10.4 Hz,
H-6a),4.16 (1H, dd, J56, = 6.4 Hz, H-6b), 2.19, 2.09, 2.06,
2.02 (12H, 4s, 4 x CH3CO); 6¢ 170.45, 170.36, 170.28,
169.48 (4 x CH3CO), 160.08 (Ar—C), 157.69 (Ar—C),
153.10 (d, Jr-c = 20.0 Hz, Ar—C), 118.82—115.97 (m, Ar—
C), 100.62 (C-1), 68.68 (C-2), 70.71 (C-3), 66.90 (C-4),
71.06 (C-5), 61.44 (C-6), 20.79, 20.72, 20.68, 20.64 (4 x
CH?,CO), HRMS, [M + Na]*, C20H23N010FNa, caled
465.1173, found 465.1170; [M + K] T, C20H2sNOFK, caled
481.0912, found 481.1014.

2-Bromo-4-fluorophenyl 2,3,4,6-tetra-O-acetyl-f-D-ga-
lactopyranoside 14: 0.50 g, 97%; R;0.48 (3:2 cyclohexane—
EtOAc); o 7.28 (1H, ddd, J = 3.2, 2.8, 3.2 Hz, Ar—H),
7.16 (1H, dd, J = 4.8, 9.2 Hz, Ar—H), 6.97 (1H, m, Ar—
H), 491 (1H, d, J,2 = 8.0 Hz, H-1), 5.56 (1H, dd, J335 =
10.8 Hz, H-2), 5.10 (1H, dd, J54 = 3.6 Hz, H-3), 5.46 (1H,
d, Js5 = 4.0 Hz, H-4), 4.24 (1H, m, H-5), 4.25 (1H, dd,
J5,6a =72 HZ, JGa,Gb =114 HZ, H'GH), 4.08 (1H, dd, J5,6b
= 6.0 Hz, H-6b), 2.19, 2.11, 2.06, 2.02 (12H, 4s, 4 x CHs-
CO); 6¢c 170.52, 170.43, 170.34, 169.57 (4 x CH3CO),
159.80 (Ar—C), 157.35 (Ar—C), 150.22 (Ar—C), 120.91—
13.93 (m, Ar—C), 101.36 (C-1), 68.33 (C-2), 70.66 (C-3),
67.03 (C-4), 71.49 (C-5), 61.51 (C-6), 21.28, 21.15, 21.10,
20.91 (4 X CH3CO), HRMS, [M + Na]+, 020H22010F79-
BrNa, caled 543.0279, found 543.0266; CooHg0010F8BrNa,
caled 545.0259, found 545.0205; [M + K]*, CooHgoO1oF-
BrK, calced 559.0043, found 559.0043; C3Hs2010F8'BrNa,
caled 560.9997, found 560.9892.

2-Chloro-4-fluorophenyl 2,3,4,6-tetra-O-acetyl-f-D-ga-
lactopyranoside 15: 0.48 g, 99%; Ry 0.46 (3:2 cyclohexane—
EtOAc); og 7.21 (1H, dd, J = 4.8, 8.8 Hz, Ar—H), 7.13
(1H, dd, J = 3.2, 8.0 Hz, Ar—H), 6.92 (1H, m, Ar—H),
4.90 (1H, d, J,2 = 8.0 Hz, H-1), 5.54 (1H, dd, J25 = 10.8
Hz, H-2), 5.12 (1H, dd, J54 = 3.2 Hz, H-3), 5.46 (1H, d,
Jss = 3.6 Hz, H-4), 4.04 (1H, m, H-5), 4.26 (1H, dd, J5a
= 6.8 Hz, Jea6p = 11.4 Hz, H-6a), 4.16 (1H, dd, J5¢, =
6.4 Hz, H-6b), 2.19, 2.11, 2.06, 2.02 (12H, 4s, 4 x CHs-
CO); 6¢ 170.40, 170.32, 170.21, 169.49 (4 x CH3CO),
159.72 (Ar—C), 157.25 (Ar—C), 149.14 (d, Jr—c = 3.1 Hz,
Ar—C), 125.55 (d, Jr-c = 9.9 Hz, Ar—C), 120.62—114.34
(m, Ar—C), 101.46 (C-1), 68.29 (C-2), 70.51 (C-3), 66.97
(C-4), 71.38 (C-5), 61.40 (C-6), 20.99, 20.87, 20.77, 20.66
(4 X CchO), HRMS, [M + Na]*, C20H22010F3501Na,
caled 499.0783, found 499.0761; CoH52010F3"CINa, caled
5010754, found 5010701, [M + K]+, 020H22010F35CIK,
caled 515.0523, found 515.0495; Co0H2010F37CIK, caled
517.0494, found 517.0488.

Fluoroaryl f-pD-Galactopyranosides 16—22. General
Procedure. A solution of fluorophenyl 2,3,4,6-tetra-O-
acetyl-f-D-galactopyranoside (9—15) (0.4 g) in anhydrous
MeOH (15 mL) containing 0.5 M NH; was vigorously
stirred from 0 °C to room temperature overnight until
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TLC showed complete reaction. Following solvent re-
moval in vacuo, chromatography on silica gel (EtOAc/
MeOH) afforded the free galactopyranosides 16—22 in
nearly quantitative yield, as white crystalline materials.
2-Nitro-4-fluorophenyl p-D-galactopyranoside 16: Ry
0.40 (1:9 MeOH—-EtOAc), g 7.84 (1H, dd, J = 2.8, 8.0
Hz, Ar—H), 7.53 (1H, ddd, J = 1.6, 1.0, 2.8 Hz, Ar—H),
7.43 (1H, dd, J = 4.4, 9.2 Hz, Ar—H), 4.96 (1H, d, J1 2 =
7.6 Hz, H-1), 3.60 (1H, dd, J25 = 10.6 Hz, H-2), 3.51 (1H,
dd, Js4 = 5.2 Hz, H-3), 3.47 (1H, d, J45 = 5.6 Hz, H-4),
3.43 (1H, m, H-5), 3.67 (2H, m, H-6), 5.16 (1H, d, Ju—201-2
= 5.2 Hz, HO-2), 4.67 (1H, d, Jy—30u-3 = 4.4 Hz, HO-3),
4.90 (1H, d, Jy-s0u-+ = 6.0 Hz, HO-4), 4.67 (1H, t,
Ju-¢0n-6 = 5.2, 5.4 Hz, HO-6); 6¢ 155.41 (d, Jp-c = 239.6
Hz, Ar—C), 146.19 (d, Jr-c = 3.1 Hz, Ar—C), 140.17 (d,
Jr-c = 9.1 Hz, Ar—C), 120.91 (d, Jp-c = 22.1 Hz, Ar—C),
119.03 (d, Jr-c = 7.7 Hz, Ar—C), 111.89 (d, Jp-c = 27.5
Hz, Ar—C), 101.65 (C-1), 70.07 (C-2), 73.37 (C-3), 68.06
(C-4), 75.87 (C-5), 60.33 (C-6); HRMS, [M + Na]*, C1oHy4-
NOgFNa, caled 342.0601, found 342.0589; [M + K],
C12H14NOgFK, caled 358.0341, found 358.0328.
2-Fluorine-4-nitrophenyl f-D-galactopyranoside 17: Ry
0.45 (1:9 MeOH—EtOAc); on 7.58 (1H, dd, J = 3.3, 8.0
Hz, Ar—H), 7.42 (1H, dd, J = 4.2, 8.7 Hz, Ar—H), 7.28
(1H, m, Ar—H), 5.16 (1H, d, J12 = 7.8 Hz, H-1), 4.60 (1H,
dd, J»3 = 8.8 Hz, H-2), 3.70 (1H, dd, /54 = 3.2 Hz, H-3),
3.63 (1H, d, J45 = 3.1 Hz, H-4), 3.60 (1H, m, H-5), 3.50
(2H, m, H-6), 4.98 (1H, d, Ju-2,0u-2 = 7.2 Hz, HO-2), 4.66
(1H, d, JH—3,OH—3 =4.0 HZ, HO-3), 4.80 (1H, d, JH_4y0H_4
=5.0Hz, HO-4),4.90 (1H, t, Ju—6.0u-6 = 5.5, 5.8 Hz, HO-
6); oc 156.80 (d, J = 160.4 Hz, Ar—C), 146.55 (Ar—C),
140.68 (d, J = 5.5 Hz, Ar—C), 123.44 (d, J = 4.2 Hz, Ar—
C), 121.33 (d, J = 18.2 Hz, Ar—C), 114.80 (d, J = 17.9
Hz, Ar—C), 101.73 (C-1), 68.33 (C-2), 70.86 (C-3), 66.90
(C-4), 71.47 (C-5), 61.77 (C-6); HRMS, [M + Nal*, C1oH4-
NOgFNa, caled 342.0601, found 342.0585; [M + K],
C12H14NOgFK, caled 358.0341, found 358.0320.
2-Nitro-6-fluorophenyl f-D-galactopyranoside 18A: Ry
0.40 (1:9 MeOH—-EtOAc); 65 7.73 (1H, ddd, J = 1.6, 3.2,
8.4 Hz, Ar—H), 7.63 (1H, ddd, Jun = 1.2, 4.0, 8.4 Hz, Jur
=19.2 HZ, AI‘—H), 7.46 (lH, ddd, JHH = 52, 8.4 HZ, JHF
= 16.8 Hz, Ar—H), 5.00 (1H, d, ;2 = 7.6 Hz, H-1), 3.88
(1H, dd, J23 = 9.2 Hz, H-2), 3.82 (1H, dd, J54 = 4.0 Hz,
H-3),3.70 (1H, dd, J45 = 3.2 Hz, H-4), 3.66 (1H, m, H-5),
4.00 (2H, m, H-6), 3.80 (1H, d, Jy-20u-2 = 4.2 Hz, HO-
2), 3.69 (1H, d, Ju-s0u-3s = 3.0 Hz, HO-3), 3.86 (1H, d,
JH74,OH74 =16 HZ, HO-4), 3.62 (lH, dd, JH—G,OH—G = 46,
5.0 Hz, HO-6); d¢ 156.66 (d, Jp_c = 246.2 Hz, Ar—C),
145.78 (Ar—C), 138.54 (d, Jp_c = 12.2 Hz, Ar—C), 125.83
(d, prc =84 HZ, AI'_C), 121.65 (d, prc =19.9 HZ, Ar—
C), 120.80 (d, Jp—c = 3.8 Hz, Ar—C), 106.06 (d, Jr—c =
3.8 Hz, C-1), 70.59 (C-2), 74.48 (C-3), 69.30 (C-4), 77.00
(C-5), 61.73 (C-6); HRMS, [M + Nal]*, C1oH;4NOgFNa,
caled 342.0601, found 342.0599; [M + K], C1oH4NOs-
FK, calcd 358.0341, found 358.0337.
2-Nitro-6-fluorophenyl o-D-galactopyranoside 18B: Ry
0.47 (1:9 MeOH—-EtOAc); oy 7.76 (1H, ddd, J = 1.6, 2.8,
8.4 HZ, AI‘_H), 7.62 (1H, ddd, JHH = 04, 4—8, 8.4 HZ, JHF
= 12.0 Hz, Ar—H), 7.40 (1H, ddd, Jug = 4.8, 8.4 Hz, Jur
=13.2 Hz, Ar—H), 5.85 (1H, d, J12 = 3.2 Hz, H-1), 4.01
(1H, dd, J23 = 8.9 Hz, H-2), 4.03 (1H, dd, J54 = 3.6 Hz,
H-3),4.11 (1H, dd, J45 = 3.6 Hz, H-4), 3.74 (1H, m, H-5),
3.63 (2H, m, H-6), 3.92 (1H, d, Ju-s0u-2 = 3.2 Hz, HO-
2), 3.74 (1H, d, Ju-30u-3 = 3.6 Hz, HO-3), 3.83 (1H, d,
JH74,OH74 =20 HZ, HO-4), 3.80 (1H, t, JH*G,OH*G = 56,
6.0 Hz, HO-6); dc 157.06 (d, Jp_¢ = 248.7 Hz, Ar—C),
146.05 (Ar—C), 139.20 (d, Jr-c = 13.8 Hz, Ar—C), 124.59
(d, Jp—c = 8.4 Hz, Ar—C), 122.05 (d, Jp—c = 19.9 Hz, Ar—
C), 121.37 (d, Jr—c = 3.0 Hz, Ar—C), 104.14 (d, Jp—¢c =
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7.6 Hz, C-1), 70.23 (C-2), 70.59 (C-3), 69.94 (C-4), 74.21
(C-5), 62.03 (C-6); HRMS, [M + Nal*, C12H14NOgFNa,
caled 342.0601, fouz342.0590; [M + K], C1oH14NOgFK,
caled 358.0341, found 358.0333.

2-Fluorophenyl B-D-galactopyranoside 19: Ry 0.48 (1:9
MeOH—-EtOAc); oy 7.26 (1H, m, Ar—H), 7.21 (1H, ddd,
J = 1.2, 3.6, 8.0 Hz, Ar—H), 7.11 (1H, ddd, Jgg = 1.2,
7.2, Jur = 14.4 Hz, Ar—H), 6.98 (1H, m, Ar—H), 4.91 (1H,
d, J12 = 7.6 Hz, H-1), 3.41 (1H, dd, J»5 = 9.6 Hz, H-2),
3.47 (1H, dd, J54 = 4.0 Hz, H-3), 3.71 (1H, d, J,5 = 3.2
Hz, H-4), 3.54 (1H, m, H-5), 3.60 (2H, m, H-6), 3.58 (1H,
d, JH—Z,OH—2 =4.0 HZ, HO-2), 3.48 (].H, d, JH—S,OH—3 =31
Hz, HO-3), 3.57 (1H, d, Ju-s0u-4 = 2.2 Hz, HO-4), 3.54
(1H, t, Ju-s0u-6 = 4.0, 5.2 Hz, HO-6); 6¢ 152.28 (d, Jr—c
= 242.7 Hz, Ar—C), 145.50 (d, Jr—c = 9.9 Hz, Ar—C),
125.10 (d, Jp-c = 3.8 Hz, Ar—C), 122.60 (d, Jp_c = 6.9
Hz, Ar—C), 117.73 (Ar—C), 116.66 (d, Jr-c = 18.3 Hz,
Ar—C), 101.53 (C-1), 70.59 (C-2), 73.81 (C-3), 68.52 (C-
4), 76.04 (C-5), 60.74 (C-6); HRMS, [M + Na]*, C12H;50¢-
FNa, caled 297.0750, found 297.0739; [M + K], C12H;506-
FK, caled 313.0490, found 313.0486.

4-Fluorophenyl B-D-galactopyranoside 20: Ry 0.40 (1:9
MeOH—-EtOAc); oy 7.14—7.03 (4H, m, Ar—H), 4.74 (1H,
d, Ji2 = 7.6 Hz, H-1), 3.54 (1H, dd, J»3 = 10.6 Hz, H-2),
3.50 (1H, dd, Js4 = 3.6 Hz, H-3), 3.72 (1H, d, J.5 = 3.2
Hz, H-4), 3.43 (1H, m, H-5), 3.58 (2H, m, H-6), 5.30—4.4
(4H, br, HO-2,3,4,6); d¢ 157.25 (d, Jrp-c = 235 Hz, Ar—
C), 153.98 (Ar—C), 117.93—115.69 (Ar—C), 101.88 (C-1),
70.40 (C-2), 73.32 (C-3), 68.30 (C-4), 75.60 (C-5), 60.46
(C-6); HRMS, [M + Na]+, 012H1506FN8, caled 2970750,
found 297.0731.

2-Bromo-4-fluorophenyl p-D-galactopyranoside 21: Ry
0.52 (1:9 MeOH—EtOAc); oy 7.54 (1H, dd, J = 2.4, 8.0
Hz, Ar—H), 7.22 (2H, m, Ar—H), 4.90 (1H, d, J,2 = 7.6
Hz, H-1), 3.41 (1H, dd, J23 = 9.6 Hz, H-2), 3.47 (1H, dd,
Js4 = 4.0 Hz, H-3), 3.71 (1H, d, J.5 = 3.2 Hz, H-4), 3.54
(1H, m, H-5), 3.60 (2H, m, H-6), 5.11 (1H, d, Ju—20n-2 =
5.6 Hz, HO-2), 4.58 (1H, d, /-3 on—3 =4.8 Hz, HO-3), 4.89
(1H, d, JH74,0H74 =5.2 HZ, HO-4~), 4.67 (1H, t, JH—S,OH—G
=5.2,5.2 Hz, HO-6); 6¢ 157.38 (d, Jp-c = 240.4 Hz, Ar—
C), 151.09 (Ar—C), 120.79—121.32 (m, Ar—C), 101.96 (C-
1), 70.87 (C-2), 73.78 (C-3), 68.84 (C-4), 76.13 (C-5), 61.13
(C-6); HRMS, [M + Nal*, CoH1406F"BrNa, caled
374.9855, found 374.9851; C1oH1406F®' BrNa, caled 376.9835,
found 376.9665; [M + K] ", C1oH1406F7BrK, caled 390.9595,
found 390.9803; C12H1406F8'BrK, caled 392.9575, found
392.9687.

2-Chloro-4-fluorophenyl f-D-galactopyranoside 22: Ry
0.45 (1:9 MeOH—-EtOAc); on 7.42 (1H, dd, J = 2.8, 8.4
Hz, Ar—H), 7.28 (1H, dd, J = 5.2, 9.6 Hz, Ar—H), 7.17
(1H, m, Ar—H), 4.90 (1H, d, J, 2 = 7.6 Hz, H-1), 3.57 (1H,
dd, Js3 =11.6 Hz, H-2), 3.52 (1H, dd, /34 = 5.2 Hz, H-3),
3.72 (1H, m, H-4), 3.17 (1H, m, H-5), 3.60 (1H, dd, J5.
= 8.8 Hz, Jsaop = 12.4 Hz, H-6a), 3.45 (1H, dd, J5¢, =
6.0 Hz, H-6b), 5.17 (1H, d, /-2 0n-2 = 4.0 Hz, HO-2), 4.59
(1H, d, JH—S,OH—3 = 32 HZ, HO-3), 489 (].H, d, JH—4,OH—4
= 7.0 Hz, HO-4), 4.69 (1H, br, HO-6); d¢ 156.38 (d, Jr—c
= 238.80 Hz, Ar—C), 149.62 (Ar—C), 122.55 (d, Jp-¢c =
10.7 Hz, Ar—C), 117.45—-114.54 (m, Ar—C), 101.45 (C-
1), 70.25 (C-2), 73.47 (C-3), 68.23 (C-4), 75.75 (C-5), 60.39
(C-6); HRMS, [M +Na]*, C1oH1406F3°CINa, caled 331.0361,
found 331.0349; C12H1406F3"CINa, calcd 333.0331, found
333.0249.

Kinetic Experiments. Relative substrate efficacies
of 16—22 were compared using F NMR. Enzyme reac-
tions were conducted at 37 °C in PBS (0.1 M, pH 7.4)
using (-gal (E801A, Promega, Madison, WI). Fluorophen-
yl p-D-galactopyranosides 16—22 (15 mmol) were dis-
solved in PBS (600 «L, pH 7.4) and $-gal (20 L, 1 unit/
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uL E801A in PBS) was added, followed by immediate °F
NMR data acquisition at 37 °C with subsequent spectra
every 101 s providing a kinetic curve over 51 min.

Substrate efficacy relative to traditional indicators was
assessed by spectrophotometry. PFONPG 16 and ONPG
(2.5 umol/mL), respectively, were dissolved in buffer (pH
4.5, 10 mM sodium hydrogen phosphate, 5 mM citric
acid). A solution of 5-gal [G5160 from Aspergillus oryzae
(Aldrich), 95 ug in 10 uL of buffer] was added and the
absorption (1 = 420 nm) measured every 30 s for 10 min
at room temperature.

Cell Culture and Cell Proliferation Assay. Dun-
ning R3327-MAT-Lu rat prostate cancer cells (isolated
for growth in culture by us from solid tumor tissues
originally provided by Dr. Peter Peschke of the DKFZ,
Heidelberg, Germany) and MTLn3 rat breast cancer cells
(ATCC, Manassas, VA) were maintained in RPMI-1640
medium supplemented with 100 units/mL penicillin, 100
ug/mL streptomycin, and 10% fetal bovine serum (FBS)
at 37 °C, with 5% COy and 95% humidified air. Using
TransFast transfection reagent (Promega), MAT-Lu and
MTLn3 cells were cotransfected with pCMV (Clontech,
Palo Alto, CA) comprising the Escherichia coli lacZ gene
located under the human cytomegalovirus (CMV) im-
mediate-early enhancer/promoter region and pCI-neo
(Promega) carrying the neomycin phosphotransferase
gene and were selected in growth medium containing 400
ug/mL G418 (Cellgro, Merndon, VA). Cells were har-
vested, trypsinized and resuspended in PBS, pH 7.4. 17
(1.9 mg, 100 L) was added to cell suspension in PBS
(108 cells in 600 uL), and F NMR spectra were acquired
immediately at 37 °C and again at various times up to
72 h. The f3-gal activity of MAT-Lu-LacZ cells was 196
milliunits/107 cells and that for MTLn3-LacZ cells, 67
milliunits/107 cells.

The toxicity of aglycons and conjugates was assessed
in both wild-type and LacZ-transfected MAT-Lu cells
using a colorimetric CellTiter 96 Aqueous Nonradioactive
MTS Cell Proliferation Assay (Promega). Assays were
performed in triplicate using 24-well plates seeded with
103 cells per well in 500 uL of RPMI-1640 without phenol
red and supplemented with 10% FCS and 2 mM
glutamine. After 24 h of incubation, the medium was
replaced with fresh medium. To determine ICso, cells
were incubated (72 h) with molecules 2—8 (0—1.6 mM)
and 16—22 (0—4.5 mM), followed by the MTS assay. In
each case successive dilutions were 2-fold. In some cases
maximum tested doses were lower because some mol-
ecules showed poor solubility.

RESULTS

The methodology presented by Yoon et al. (30) to
synthesize phenyl fluorogalactoside tetraacetates using
potassium salts of the phenol produced mediocre yields
for the fluorophenyl analogues 9 and 10. By contrast, the
phase-transfer approach using TBAB produced fluo-
rophenyl j3-D-galactopyranoside tetraacetates 9—15 in
nearly quantitative yields. The anomeric $-D-configura-
tion of compounds 9—15 in the *C; chair conformation
was unambiguously established on the basis of the
observed 'H NMR chemical shifts (o 5.00—5.25) of the
anomeric protons and the JJ 3 (J ~ 8 Hz) and J3 3 (J ~ 10
Hz) coupling constants (34). The signals of the 3C NMR
spectra of 9—15 were assigned by comparison with the
chemical shifts of p-nitrophenyl (-D-galactopyranoside
(30). As expected, the anomeric carbon resonances ap-
peared at ~100 ppm in accord with the -D-configuration.

Deacetylation of 9—15 gave the free galactopyranosides
16—22 in nearly quantitative yields. 'H NMR spectra of
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Figure 2. YF NMR spectra of -D-galactopyranosides 16
(PFONPG), 17 (OFPNPG), and 19 (OFPG) in PBS at 37 °C (a)
and following addition of -gal [2 min) (b) and 34 min (c)].
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Figure 3. 9F NMR chemical shift pH titration curves of 2—8
in saline at 25 °C.

16—22 were assigned by 'H—'H COSY spectra and D,O
exchange. The 'H NMR chemical shifts (0g 4.91—5.85)
of the anomeric protons and the coupling constants (J; 2
~ 8 Hz; Jy5 ~ 10 Hz) showed that the free galactopyra-
nosides 16—22 (except 18) retained the anomeric 3-D-
configuration with the 4C; chair conformation. The
synthesis of 18 was more complex with the isolation of
two distinct and separable isomers 18A and 18B in a 1:1
ratio, which also gave distinct °F NMR spectra. The
downfield shifts of 18B 0y at 5.85 with J;, = 3.2 Hz
and d¢ at 104.14 compared to those of 18A at 5.00 ppm
with J12 = 7.6 Hz and ¢ at 106.06 suggest o and
isomers, respectively (35—38). Further evidence support-
ing the structural assignment of 18B is that the a. anomer
resists activity of S-gal (Figure 4). Epimerization likely
occurs during removal of the acetyl groups, possibly via
a carbocation pathway due to the excellent leaving group
ability of the 2-fluoro-6-nitrophenol anion group.

All except 18A were stable in saline (0.9%), PBS (0.1
M), and fresh whole rabbit blood, at 25 and 37 °C, for
extended periods showing no breakdown by *F NMR
even after 1 week. 18A hydrolyzed completely within 2
h in 0.1 M PBS buffer solution (pH 7.4) at 25 °C. By
contrast, 18B was stable even at 60 or 100 °C. As
expected, the more polar substituted phenyl g-D-galac-
topyranosides 16—18 were most soluble and 19—21 quite



Fluorophenyl Galactosides for Detecting Gene Expression

Bioconjugate Chem., Vol. 15, No. 6, 2004 1339

Table 1. °F Chemical Shifts (Parts per Million) of 16—22 before and after Hydrolysis by #-gal®

compound
16 17 18A 18B 19 20 21 22
OF(substrate) —42.87 —54.93 —50.67 —49.37 —58.74 —45.87 —43.56 —43.82
OF(product) -52.71 —61.04 —58.67 —58.67 -62.30 —49.59 —48.13 —48.24
observed Adp 9.84 6.11 8.00 9.30 3.56 3.72 4.57 4.42
min Adp 1.57 3.84 6.72 8.7 3.3 3.46 3.76 3.58
max Ady 12.89 6.11 8.1 9.4 3.59 11.85 11.84 11.63

@ B.gal (E801A, 20 units at 37 °C in 0.1 M PBS, pH 7.4).

Table 2. 19F NMR pH Characterization of Aglycons
at 25 °C

compound
2 3 4 5 6 7 8
pK., 6.87 6.03 5.44 8.33 9.80 8.31 8.28
Oacia) —46.44 —58.77 —58.07 —62.33 —49.33 —47.32 —47.40
—57.39 —62.04 —57.72 —-55.40 —55.45

Opasey —55.76 —61.01
Ao 9.3 2.24 0.68 0.29 6.39 8.08 8.05

soluble in water, buffer, and whole blood, but 2-bromo-
4-fluorophenyl p-D-galactopyranoside 22 was poorly
soluble.

F NMR. Compounds 16—22 each gave a single,
narrow °F NMR signal essentially invariant (Ad < 0.03)
in rabbit whole blood, 0.9% saline, and PBS in the pH
range 3—12 and at various temperatures ranging from
25 to 37 °C. The liberated aglycons display a chemical
shift range of ~16 ppm (Table 1; Figure 2). Addition of
p-galactosidase (E801A) in PBS (0.1 M, pH 7.4) at 37 °C
caused each substrate to hydrolyze, releasing the pH
sensitive aglycons 2—8 appearing also as a single narrow
F NMR signal (Figure 2; Table 1), consistent with the
titration curves of 2—8 (Figure 3; Table 2). The minimum
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Figure 4. Hydrolysis time courses of 16—22 (15 mmol) by -gal
(E801A, 20 units) in PBS (0.1 M, 0.6 mL) at 37 °C.
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Figure 5. Colorimetric comparison of enzyme (G5160, pH 4.5)
sensitivity for 16 and ONPG.

19F NMR chemical shift response observed was 3.56 ppm
for 19 and maximum was 9.84 ppm for 16 at pH 7.4
(Table 1).

The various substrates 16—22 exhibited differential
sensitivity to (-galactosidase in PBS (pH 7.4), and
kinetics were monitored by changes in the integration
of the F NMR signals (Figures 2 and 4). The shapes of
the kinetic curves suggest straightforward first-order
kinetics for all substrates. The best substrate was 18A,
with an initial rate of 0.74 mM/min/unit, although this
molecule hydrolyzed spontaneously within 2 h. 16, 17,
and 19 also showed rapid cleavage, whereas 20—22 were
somewhat slower and 18B resisted enzyme action (as
expected for an o anomer). By colorimetric assay 16 was
essentially equivalent to ONPG as a substrate (Figure
5).

Several of the aglycons (2, 8, 6—8) exhibit a large °F
NMR chemical shift in response to pH with Ad reaching
9.3. However, 4 and 5 showed little response (Figure 3).
The observed pK, values were found to be in the range
of 5.4—9.8 (Table 2). There was a strong linear correlation
between initial rate of enzymatic hydrolysis of the
substrates and pK, of the aglycon (Figure 6).

When 17 was incubated with wild-type MAT-Lu rat
prostate cancer cells (4 h, PBS, 37 °C under air—5% CO,
with 95% humidity), 1°F NMR spectra showed no changes.
When 17 was incubated with MAT-Lu-LacZ cells (92 x

Rate (mM/min/unit)
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Figure 6. Brgnsted plot of substrate susceptibility to $-gal
(E801A, pH 7.4) versus of pK, of liberated aglycon (r2 > 0.85).
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Figure 7. Hydrolysis of 17 (open symbols) to 3 (solid symbols)
by stably transfected Dunning prostate R3327 MAT-Lu-lacZ
cells (a, 92 x 10%) and MTLn3-lacZ (O, 9.8 x 108) suspended in
PBS at 37 °C.
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Table 3. Toxicity of 2—8 and 16—22 to MAT-Lu -WT and -LacZ Cells (PBS, pH 7.4)
molecule
2 3 4 5 6 7 8 16 17 18A/B 19 20 21 22
ICs50 mM  MAT-Lu <04 >1.6¢ =13 <0.003 <1.6 <0.003 >09 =>3.6° <3 <45 >45 =>45 >45* >0.3

MAT-Lu-LacZ <0.8 >1.6¢ >13* <0.003 <0.8

@ Greater than 90% survival at the highest dose tested.

108, 1803 milliunits of 3-gal) in PBS, cleavage proceeded
in a smooth monotonic manner with hydrolysis complete
after 19 h (Figure 7). MTLn3-LacZ breast cancer cells
(9.8 x 108, 67 milliunits of 8-gal) hydrolyzed ~50% of 17
in 19 h.

Toxicity was evaluated for both aglycons and conju-
gates using both wild-type and lacZ expressing MAT-Lu
cells (Table 3). 5 and 7 were severely cytotoxic, 2 was
somewhat toxic (IC5y < 0.4 mM), and the other aglycons,
3,4, 6, and 8, were less toxic (IC5, > 1 mM), making them
more suitable for in vivo NMR investigations. Most
conjugates were much less toxic; in particular, the toxicity
of the aglycons was masked in 19 and 21.

DISCUSSION

We have presented a method to efficiently and stereo-
selectively synthesize a series of fluorophenyl $-D-galac-
topyranosides 16—22 as potential F NMR-based gene
reporter molecules. We previously demonstrated that 16
could be used to assess f-gal activity in transiently
transfected human prostate cancer cells (27). We have
now assessed the relative substrate efficacy of a series
of analogues and demonstrated the utility of 17 to assess
[-gal activity in stably transfected rat breast and prostate
tumor cells.

9F NMR provides a large chemical shift response to
small changes in molecular structure or microenviron-
ment (25, 26). Here, hydrolysis provided a minimum A¢d
3.56 between the substrate and the aglycon at pH 7.4,
although depending on the pH, it could range from 1.6
to 12.9 ppm. Significantly, because of the chemical shift
range of the °F signals of the aglycons 2—8 (up to 9.3
ppm), several substrates and aglycons can be detected
simultaneously, allowing direct comparison of substrate
efficacy (Figure 2). Preliminary data suggest that the
approach used here could also be applied to glucosidases
and glucoronides. Indeed, Schmidt and Monneret (39)
presented F NMR analysis of a fluorine-tagged nitrogen
mustard pro-drug activated by glucuronidase. °F NMR
spectroscopy lacks the spatial resolution of 'H MRI, but
the chemical shift accompanying substrate cleavage by
f-gal unequivocally reveals enzyme activity. Comparing
the substrates shows a 10-fold range in rate of substrate
reaction at pH 7.4, the optimal pH for activity of 3-gal
derived from Escherichia coli. The observed initial rates
were found to have a strong linear correlation with the
pK. of the aglycon (Figure 6), consistent with previous
work by Richard et al. (40), who examined a series of
alkyl S-galactosides. At pH 4.5—the optimal pH for 3-gal
derived from Aspergillus oryzae—16 showed very similar
activity in comparison with the traditional colorimetric
indicator ONPG.

Substrates 16 and 17 share many attributes with
similar sensitivity to f-gal at pH 7.4 (Figure 4), a large
chemical shift range, and effective response to cells
expressing -gal (Figure 7) (27). All of the aglycons are
electronically similar to the classic biochemical uncoupler
dinitrophenol, raising potential concerns of toxicity. We
have found extensive cell lysis upon direct exposure to
the product aglycon 2 (IC;5, < 0.4 mM), but 16 has allowed
us to assess f-gal expression in culture (27). Other

<0.003 >09 >3.6¢* >6 >45 >45 >45 >45° >0.3¢

aglycons, 3, 4, 6, and 8, are less toxic, making them more
suitable for in vivo NMR investigations, although 5 and
7 are severely cytotoxic. The conjugates are generally
much less toxic, and indeed 19 and 21 showed essentially
no toxicity up to the highest concentrations tested in wild-
type or lacZ-expressing cells. Intriguingly, the conjugate
17 was more toxic that its aglycon. Similar toxicity was
observed for all materials in wild-type or LacZ cells.
Release of the less toxic, pH-sensitive aglycons suggests
a novel approach to measuring pH at the site of enzyme
activity. Moreover, noting the broad specificity of 3-gal,
we have synthesized an alternative galactoside with the
19F NMR pH indicator fluoropyridoxol (25), as the aglycon
and preliminary data show that it is also sensitive to
enzyme activity (41).

We believe that noninvasive detection of gene reporter
molecules will become increasingly important in biomedi-
cine. It will be important to have diverse agents, genes,
and modalities for specific applications. Fluorophenyl -D-
galactosides offer a novel approach for addressing 3-gal
activity. Moreover, we believe the concept of using °F
NMR to monitor gene transfection, together with the
molecular approach presented here, can serve as a
platform technology with widespread application to many
diverse genes and enzymes.
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I9F: A Versatile Reporter for Non-Invasive Physiology and Pharmacology

Using Magnetic Resonance
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Abstract: The fluorine atom provides an exciting tool for diverse spectroscopic and imaging applications
using Magnetic Resonance. The organic chemistry of fluorine is widely established and it can provide a stable
moiety for interrogating many aspects of physiology and pharmacology in vivo. Strong NMR signal, minimal
background signal and exquisite sensitivity to changes in the microenvironment have been exploited to
design and apply diverse reporter molecules. Classes of agents are presented to investigate gene activity, pH,
metal ion concentrations (e.g., Ca>", Mg2", Na"), oxygen tension, hypoxia, vascular flow and vascular volume.
In addition to interrogating speciality reporter molecules, !°F NMR may be used to trace the fate of fluorinated
drugs, such as chemotherapeutics (e.g., 5-fluorouracil, gemcitabine), anesthetics (e.g., isoflurane,
methoxyflurane) and neuroleptics. NMR can provide useful information through multiple parameters,
including chemical shift, scalar coupling, chemical exchange and relaxation processes (R1 and R2). Indeed, the
large chemical shift range (~ 300 ppm) can allow multiple agents to be examined, simultaneously, using NMR

spectroscopy or chemical shift selective imaging.

Keywords: Oxygen, pH, gene reporter, metal ions, SFU, FDG, anesthetics.

1. INTRODUCTION

Nuclear magnetic resonance (NMR) was originally a
curiosity for physicists, but its demonstration led to Nobel
Prizes for Purcell and Bloch [1]. During the 1960’s to
1980°s NMR was embraced by the chemistry community for
its power to discriminate chemical structures. Demand fed
development with increasingly sophisticated instruments,
including higher magnetic fields, faster and more precise
electronics and more powerful computers, combined with
innovations in data acquisition (e.g., Fourier transform [2],
echo planar imaging [2]) and radiofrequency coils (quadrature
[3], SMASH [4], SENSE [5]). In biomedicine, the intense
water signal (55 M H,0) is exploited for high resolution,
anatomical MR Imaging providing 3D tomography non-
invasively in living systems. Millimeter resolution is
routine and microscopy is feasible [6]). For many diseases,
proton MRI has become the modality of choice for the
radiologist. Increasingly, manipulation of the water signal
through appropriate spin physics provides insight into
physiology, such as, blood flow (arterial spin labeling
(ASL) [7]), diffusion (diffusion tensor imaging (DTI) [8]),
and oxygenation (Blood oxygen level dependent (BOLD)
contrast [9]). Chemists have exploited NMR, but
increasingly they also contribute in the form of contrast
agents and reporter molecules, as described in this Hot
Topics issue. Diagnostic value is added by applying
paramagnetic contrast agents: several are in clinical use
today, including Gd-DTPA (diethylenetriaminepentaacetic
acid, Magnevist®) and Gd-DTPA-BMA (gadodiamide,
OmniScan®), and Gd-HP-DO3A ( 1,4,7-tricarboxymethyl-
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1,4,7,10-tetraazacyclododecane, ProHance®) and Gd-DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid,
Dotarem®), and new generations of “smart” agents are being
developed, as reviewed in the accompanying paper by
McMurry, et al. [10].

Use of proton NMR to detect metabolites other than
water is severely complicated by the relative signal intensity,
since many metabolites occur at millimolar concentrations.
Thus, hetero-nuclear approaches have been developed to
explore other endogenous molecules and 3P NMR has been
widely applied in the pre-clinical setting, with limited
clinical application, to assess metabolites such as
phosphocreatine, ATP, and inorganic phosphate, providing
insight into both bioenergetics and pH [11, 12]. 2’Na NMR
is also very sensitive, but is essentially limited to the Na*
ion; though application of contrast agents may differentiate
intra- and extra-cellular sodium ions and these can be
sensitive to edema and potentially reveal tumors [13-15]1.
Tissues also have extensive carbon, though 98.9% exists as
NMR invisible 12C. 13C may be detected directly, but more
significantly provides an opportunity for the use of
isotopically enriched substrates (e.g., acetate, formaldehyde),
which are readily available and detectable [16, 17]. Isotopic
substitutions may also be applied to protons, with
replacement by deuterium or tritium to examine metabolic
pathways and kinetic isotope effects [18, 19].

An alternative approach is 19F NMR, as described below.
Some common drugs include a fluorine atom [20], and are
obvious candidates for investigation (e.g., SFU [21, 22],
flurbiprofen [23, 24], isoflurane [25], fluoxetine [26]). In
other cases, a fluorine atom may be added as a simple
tracking label, or by judicious placement in a carefully
designed reporter molecule to interrogate some parameter,
such as pO, [27], pH [28] or gene activity [29].

1Kalyanapuram, R.; Winter, P.; Mason, R.P.; Bansal, N., Proc. 5th ISMRM,
Vancouver, 1997, p. 2116.

© 2005 Bentham Science Publishers Ltd.
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NMR has many virtues compared with other modalities:

1 It is intrinsically non-invasive, though !9F requires
infusion of reporter molecules.

2 There is no radioactivity, so the substrates (reporter
molecules) are inherently stable with a long shelf life
and are not associated with problems of radioactive
waste disposal.

Any tissues of arbitrary depth may be interrogated.

4 Multiple signals may be detected simultaneously
from separate reporter molecules. By analogy, one
may consider multi-wavelength fluorescent optical
imaging or energy selective y-ray detection in a
gamma camera.

5 Clinical anatomical 'H MRI is readily acquired
together with !9F-reporter molecule signals,
providing context in terms of organs and tissue
heterogeneity.

NMR is endowed with multiple characteristics including
parameters such as signal intensity (SI), chemical shift ()
and changes therein (AJ), transverse dephasing rate (Ry"),
spin-spin relaxation rate (Ry) and longitudinal relaxation rate
(R1). This provides both a wealth of potential information
and complexity in optimal experimental planning. The
signal intensity of a particular peak (more specifically
integral of area under the peak) in the NMR spectrum is
proportional to the amount of the corresponding substance in
the region excited by the NMR coil. This provides
qualitative and often quantitative assessment of the dynamic
changes in the concentration of endogenous or exogenous
probes.

NMR has certain drawbacks in terms of cost of
instrumentation (much higher than optical methods),
sensitivity (typically, mM vs. UM for optical or
radionuclide studies), and acquisition time. Acquisition time
depends on substrate concentration, magnetic field, and
volume of interrogation. Traditional NMR sensitivity is
quoted in the mM range. There are indications that specific
contrast agents may be effective at lower concentrations by
manipulating spin thermodynamics [30, 31] or exploiting
activatable paramagnetic magnetization transfer contrast
agents (PARACEST) [32].

I9F NMR has been used since the eighties for in vivo
studies. In the past, various reviewers have discussed diverse
applications of in vivo 19F NMR [21, 27, 28, 33-41].
Thomas [33], Selinsky and Burt [34], Prior ef al. [35] and
London [36] reviewed the contemporary state-of-the-art,
covering the entire spectrum of in vivo applications. Mason
reviewed the use of perfluorocarbons for measuring pO, [27,
37] and the use of fluorinated derivatives of vitamin Bg as
probes for measuring in vivo cellular transmembrane pH
gradients [28]. McSheehy et al. [38] discussed applications
of 19F magnetic resonance spectroscopy (MRS) to oncology.
Menon [39] focused on the studies involving fluorinated
anesthetic agents. Passe ef al. [40] reviewed neuropsychiatric
applications of NMR, which included a discussion on !°F
NMR applications. Bachert [42], Martino et al. [41] and
Wolf et al. [21] gave comprehensive reviews of
pharmacokinetics of fluoropyrimidine drugs using 1°F
NMR. The continuing appearance of reports of the use of

Mason et al.

19F NMR and development of novel reporter molecules
justifies a current review. Moreover, !F NMR has made
inroads into some new areas (Table 1). The purpose of this
article is to review the applications of !1F NMR to in vivo
studies especially from a chemical standpoint.

Table 1.  Fluorinated Reporter Molecules
Parameter Indicator (example) References
(representative)
Gene activity PFONPG, 5FC [29, 74]
pO2 Fluorocarbons, e.g., [27, 218]
hexafluorobenzene
Hypoxia F-Misonidazoles [150, 347]
pH FPOL, ONPG, [28,29, 87, 105, 107,
ZK 150471 348]
[Na®] F-cryp-1 [145]
[Ca2*] SF-BAPTA [128, 130, 135]
[Me2*] 5F-APTRA [36, 140]
Membrane/Chloride
potential TFA [349, 350]
Temperature PFCs [33, 167, 351]
Blood flow Freon FC-23 [292, 293]
Cell volume TFM [349]
Diffusion FDG [352]
Glycolysis FDG [302]
Drug metabolism 5-FU, gemcitabine [21, 42]
Vascular volume Fluorocarbon emulsion [284, 285]
Protein catabolism DLBA [353]
Artherosclerotic nanoparticles [354]
plaques
Lung function PFC; SFg [269, 355]
GI function PFC [277, 278]

2. 19F AS AN IN VIVO NMR PROBE

I9F has a nuclear spin 1/2 and a gyromagnetic ratio (y)
of 40.05 MHz/T. Being the only stable isotope of fluorine,
it is 100 % naturally abundant. The NMR sensitivity of !9F
is 0.83 relative to 'H. The high y (only about 6% lower
than protons) generally allows the use of existing proton
NMR instrumentation with a minimum of component
adjustments. While fluorine occurs in the body, it is present
mostly in the form of solid fluorides in bones and teeth
[43]. Endogenous fluorine has a very short T, relaxation
time [43] and the resulting signal is below the limits of
NMR detection in most biological systems of interest.
Thus, exogenously administered fluorine containing
compounds are observed without interference from
background signals.
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The '°F NMR chemical shift is exquisitely sensitive to
perturbations in the chemical microenvironment. The range
of chemical shifts of 19F is greater than 300 parts per
million (ppm), as opposed to about 10 ppm for proton
NMR [44]. The sensitivity and range of chemical shifts
ensure that fluorinated probes and their metabolites, if any,
are easily differentiated. While signals can be interpreted in
isolation, it is often preferable to include a reference signal.
There is no single fluorine-containing compound that is
suitable as a universal chemical shift reference for in vivo
studies. The IUPAC standard for 19F chemical shift reference
is fluorotrichloromethane (CFClj). The range of chemical
shifts of most organic fluorinated compounds is about —50
ppm to +250 ppm relative to CFCl;. However, CFCl; is
not convenient for most biomedical applications, and hence,
secondary reference materials are commonly used. Chemical
shifts can be strongly solvent dependent and vary with
dilution [44]. CF3CO3H is quoted as —76.530 ppm on the @
scale (extrapolated to infinite dilution). Many investigators
favor aqueous sodium trifluoroacetate (NaTFA) as a chemical
shift reference for biological studies [28, 45-47]. NaTFA has
the advantage of being quite nontoxic, and hence, can be
introduced together with a fluorinated probe, as an internal
chemical shift reference in vivo. This is preferable to an
external reference, if total signal quantification is not an
issue, since susceptibility effects may cause errors in
estimation of chemical shifts of in vivo probes relative to an
external standard.

To obtain detectable signals, spectra, or images,
sufficient fluorinated probe must be administered, though
the concentration of probe in studies of living organisms
should be as low as possible to avoid physiological
perturbations or toxic side effects. Unlike !H and 13C NMR,
19F chemical shift can appear quite unpredictable though
theoretical treatments have attempted to rationalize values
[44, 48] (+ refs therein). Extensive tables of !9F NMR
chemical shifts and coupling constants have been published
[49]. Molecules may include a single fluorine atom, in
which case F-H coupling may be observed. For multiple F
atoms, F-F coupling also occurs (Table 2). Unlike 'H or 13C
NMR, the coupling constants do not decrease monotonically
with increasing separation, and negative coupling constants
are sometimes observed [44, 50]. While C-F coupling is
seen in 13C NMR spectroscopy, the low natural abundance
of 13C is not generally apparent in !F NMR spectroscopy.
F-H coupling can be removed by proton de-coupling,
however, fluorine detection is often accomplished by
retuning the proton NMR channel, and thus, proton de-
coupling is often not practical. F-F coupling is often
unresolved, particularly in the broader signals encountered in
vivo, but it can, nonetheless, give rise to J modulation in
echo acquisitions [51]. While this may distort signals, it has
also been exploited for signal editing providing resonance
selective imaging [52]. The easiest way to avoid Jgg
coupling is to ensure symmetry, e.g., CF3 groups.
Moreover, this avoids the potential toxicity associated with
mono- and di-fluoroacetate groups [53]. In addition to
chemical shift, relaxation rates are exploited in !F NMR. In
particular, the 19F spin-lattice relaxation rate (Ry=1/T) of
many perfluorocarbons (PFCs) is linearly related to the
partial pressure of oxygen (pO,) [27].
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Fluorine may be introduced in many forms, though
chemical reaction conditions are often quite severe and
reagents include HF [54], various metal halides [55], SeF4
[56], WF¢ [57], XeF, [58], SbF5 [59], F,[60, 61], S-
ethyltrifluorothioacetate [62] and trifluoroacetic anhydride
[63]. Thus, it may be preferable to incorporate a moiety into
synthetic planning, which already includes the desired
fluorine atoms, e.g., trifluoromethyl. Typical reporter groups
are shown in (Table 3), together with reported syntheses and
applications. For biological activity, the F atom has a
similar size to a hydroxyl group, but exhibits a strong
carbon-fluorine bond, and low chemical reactivity. Fluorine
is highly electro-negative, causing potential charge
redistribution. Some of the earliest biomedical applications
of 19F NMR used fluorine labeled substrates to explore
enzyme activity and protein structures, e.g., ribonuclease A,
hemoglobin and lysozyme as reviewed by Dwek [64] and
Gerig [65].

Table 2. Typical Values of Fluorine Coupling Constants

Summarized From [44, 49]

Rt 45-90 Hz
3rH 0-53 Hz
Yrp 200-800 Hz
3IEp <1Hz
Urp 1-20 Hz
STep — OTpp 0-40 Hz
Urc >200-312 Hz
ke (-25) 17-54 Hz

This review will consider three classes of molecular !°F
NMR based on i) “Active agents”, specifically designed to
interact with the environment and including !F atom(s),
which respond to a specific parameter, such as enzyme
activity, ion concentration or pO; (Section 3); ii) “Passive
agents”, which occupy space, thereby, revealing a tissue
property, such as vascular volume based on NMR signal
intensity, while remaining essentially inert (Section 4), iii)
pharmaceuticals, which include a fluorine atom making them
suitable for NMR investigations (Section 5).

3. ACTIVE AGENTS

Active agents typically fall into three categories; i) those
which undergo irreversible interaction modifying their
structure, as revealed by a change in chemical shift. These
are represented by gene reporter molecules, where substrates
are cleaved by specific enzyme activity (Section 3.1), and
hypoxia agents (Section 3.4.2), which are modified by
reductases and trapped. ii) Ligands designed to trap/bind
specific entities, such as ions, specifically, but reversibly,
e.g., H" (pH) (Section 3.2), metal ions (Ca2", Mg2™)
(Section 3.3); iii) perfluorocarbons, which exhibit
exceptional gas solubility and reveal oxygen tension based
on modification of relaxation parameters (Section 3.4.1).
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Table 3. Synthetic Approaches to Fluorochemistry
Name Structure Synthesis Example
Alkyl Fluoride RCHFR’ SeF4 1561, PhPFy [356], HF[54], CH3CH,FCHj3
NH;
. [58] i [358] I
Difluoroalkane RCH)CFR’ or CIF [357], XeFp KF s CHF,— C— C— OMe
RCHF(CHj),CHFR’ CFBr, 359, |
CH3
NH,
Trifluoroalkane RCH,CF3 CoF3 [360], BugNBF4 CF;— C— CO,H
|
CHj3
Tetrafluoroalkane RCF5(CHg),CFoR’ HF, SF4 [361] MeCF»CHyCFoMe
Proteinr NHCOCF3 or (6]
"
Trifluoroacetic CF3COR EtSCOCFj3 or Trifluoroacetamido- NHC -CF3
compounds succinic anhydride [62]
Protein -NH OH
(0) (o)
(IZHZC O,H ?HzC OH
N— CH,CO,H N— CH>CO-H
. \ 2 02
Monofluoro F— [362, 363] N N=N
. S
aromatic compounds = R
=
F
@( : N@
Trifluoromethyl = [362, 363] HO;S CF, NMe,
aromatic compounds CF
37 < N=N
b ' /@C ©\
HO;S CF; NMe;
CF; CF; o
Trifluoromethyl /\/ [65] [l A N
Aromatic CF3— | C- N\//
Compounds A R —
CF,
Et
Et
Et Bt
Trifluoroacetyl CF3COR Me3SiCF3, BugNF [364]
compounds F5COC
Et B
Ft Et
OH
Di or tri- Me3SiCF3, BuyNF [364, 365] < :N CFs
trifluoromethyl CF;
Derivatives or
CF,
CeFsHhC— 0 CF,
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(Table 3). contd.....

Name Structure Example
CF3S- Derivatives CF3SR Me3SiCF3, BusNF [364, 365] 4-NO,CgH4SCF3
i
CF3S0- Derivatives CF3SOR Me3SiCF3, BugNF [364, 365] c1~@ S— CF;
i
CF3S05- Derivatives CF3SO5R Me3SiCF3, BugNF [364, 365] c1~@ S— CF;
CF; /C(,Fs
(CF3)5N- Derivatives (CF3),NR Me3SiCF3, BugNF [364, 365] o NCEN=C
3 0
F3C—|— CF,
Me

3.1 Gene Reporters

Gene therapy holds great promise for the treatment of
diverse diseases. However, widespread implementation is
hindered by difficulties in assessing the success of
transfection in terms of spatial extent, gene expression, and
longevity of expression. The development of non-invasive
reporter techniques based on appropriate molecules and
imaging modalities may help to assay gene expression and
this is often achieved by including a reporter gene in tandem
with the therapeutic gene [66-69]. A critical criterion is that
the reporter gene not be normally present or expressed in the
cells of interest. Popular reporter genes today are associated
with optical imaging, since this is a cheap modality and
highly sensitive results are rapidly available. Thus,
bioluminescent imaging (BLI) of luciferase [66, 70] and
fluorescent imaging of green fluorescent protein (GFP and
longer wavelength variants [71]) are popular. These
techniques are very useful in superficial tissues and have
extensive applications in mice, but application to larger
bodies is limited by depth of light penetration. Fluorescent
imaging has been presented in a tomographic format, but to
date BLI was limited to planar images. We have recently
developed the first optical light emission tomography
system (LETS) revealing luciferase expression in mice in 3D
2. Nuclear medicine approaches (see Haberkorn et al. this
issue) exploit thymidine kinase with a variety of substrates
including iodo- and fluoro-nucleosides, such as FIAU and
gancyclovir, and various radionuclide labels including 123-,
124-, 125-I, and 18F [68, 72]. An alternative approach uses
the sodium iodine symporter (hNIS), which works well with
both iodide and pertechnetate substrates [67]. For cancer,
thymidine kinase has the advantage that the gene serves not
only as a reporter, but gene products can themselves have
therapeutic value [73].

Gene activated drug therapy, often termed GDEPT (gene
directed enzyme prodrug therapy) [74], has been
demonstrated using the cytosine deaminase (CD) gene.
Specifically, CD activates the minimally toxic 5-

2 Richer, E., Slavine, N., Lewis, M. A., Tsyganov, E., Gellert, G. C., Gunnur
Dikmen, Z., Bhagwandin, V., Shay, J. W., Mason, R. P., and Antich, P. P., Proc.

3™ Soc. Molecular Imaging, St. Louis, September 2004

fluorocytosine (5-FC) to the highly toxic 5-fluorouracil (5-
FU). This is being widely exploited in gene therapy trials,
in the hope of mitigating the toxicity threshold associated
with systemic 5-FU delivery [73, 74]. The conversion of 5-
FC to 5-FU causes a !F NMR chemical shift ~1.5 ppm,
hence, revealing gene activity, which has been demonstrated
in a number of systems in vivo [74, 75]. NMR can be used
to monitor conversion (gene activity) or conversely deduce
lack of activity (Fig. 1). It is also interesting to note that
some of the major metabolic products of 5-FU exhibit
chemical shift sensitivity to pH and these could provide an
indication of local tissue pH [47].

LacZ, which produces B-galactosidase, has been the
primary choice of reporter gene to verify effective
transfection in biochemistry and molecular biology for many
years [76-78]. Diverse reporter agents are commercially
available with specific characteristics, such as developed
color, thermal stability, and cellular retention (e.g., X-gal,
ONPG (o-nitrophenylgalactoside), S-Gal™, and S-Galacton-
starTM) for biological and histological analysis [79-81].
Representative agents (Fig. 2) show the broad range of
substrate structures consistent with enzyme promiscuity
(lack of substrate specificity). However, [3-galactosidase had
been largely neglected for in vivo work, until the elegant
studies of Meade et al. [82]. As reviewed by McMurry (this
issue [10], Fig. 19) the galactose bridged cyclic gadolinium
contrast agent ((1-(2-(galactopyranosyloxy)propyl)-4,7,10-
tris(carboxymethyl)-1,4,7,10—tetraazacyclo dodecane)
gadolinium(IIl) (EgadMe) shows considerable change in
water relaxivity upon exposure to B-galactosidase. While the
molecule is a poor substrate for the enzyme (about 500 times
less efficient than the colorimetric biochemical agent ONPG)
and does not penetrate cells, it facilitated effective
investigation of cell lineage following direct intra-cellular
microinjections [82]. These studies prompted us to consider
other NMR active analogs, and it appeared that introduction
of a fluorine atom into the popular colorimetric biochemical
indicator ONPG could produce a strong candidate molecule.
Fluoro-nitrophenol galactosides had previously been reported
by Yoon et al. [83], though they placed the fluorine atom on
the sugar moiety, which provided much less chemical shift
response to cleavage.
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Fig. (1). Simultaneous detection of 5-fluorocytosine (5FC, prodrug) and 5-fluorouracil (5FU) by !°F NMR in Dunning prostate
R3327-AT1 cells. The tumor cells had been transfected in culture using adenovirus to express cytosine deaminase. However,
following implantation into rat and growth, expression was lost and no conversion was detected in vivo following i.p. infusion of 5-
FC. However, when 5-FU was administered in addition, both resonances could be resolved and metabolites of 5-FU were detectable.
Thus, 19F NMR can provide assay of gene expression (or lack thereof). (Data achieved in collaboration with Dr. Steven Brown, Henry

Ford Hospital, Detroit).

We recently demonstrated 4-fluoro-2-nitrophenyl-f3-D-
galactopyranoside (PFONPG, (Fig. 3) as an effective
substrate for [3-galactosidase [29]. This molecule is an
excellent substrate for the enzyme and acts competitively
with traditional biochemical indicators. It provides a single
I9F NMR signal with a narrow linewidth and good stability
in solution. It is stable in normal wild type cells and whole
blood, but exposure to the enzyme or cells transfected to
express [3- galactosidase causes rapid cleavage in line with
anticipated levels of transfection [29]. As with the traditional
indicator ONPG, a color change accompanies release of the
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aglycone, but this would be masked in tissue studies. Upon
cleavage of the glycosidic bond a chemical shift difference
Ad > 3.6 ppm is observed (Fig. 4). However, the chemical
shift of the product may have a range of about 9 ppm, since
the released aglycone is pH sensitive and the pKa is in the
physiological range. Significantly, there is no overlap
between the chemical shift of the substrate and the product
and the chemical shift difference is sufficient to permit
chemical shift selective imaging to reveal distribution of
each entity separately (Fig. 5).
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Fig. (2). Diverse substrates for [3-galactosidase: 4-nitrophenyl B-D-galactopyranoside (A); 2-nitrophenyl 3-D-galactopyranoside (B);
p-naphtholbenzein B-D-galactopyranoside (C); 1,2-dihydroxyanthraquinone P-D-galactopyranoside (D); 4-methylumbeliferonef3-D-
galactopyranoside (E); 5-bromo-4-chloro-3-indoxylp-D-galactopyranoside (X-gal) (F); 3,4-cyclohexenoesculetinf3-D-galactopyra-
noside (G); 9H-(1,3-dichloro-9,9-dimethylacridin-2-one-7-yl)-3-D-galactopyranoside (DDAOG) (H).
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Fig. (3). 4-fluoro-2-nitrophenyl-B-D-galactopyranoside
(PFONPG).
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previously [84]. Although [-gal accepts a wide range of
substrate structures, there was no activity on an alpha
anomeric substrate. Ortho fluoro ortho nitrophenyl
galactoside (OFONPG) was found to be substantially less
toxic (preliminary studies Yu and Ma). Preliminary
investigations also show the feasibility of conjugating other
aglycones, such as the pH reporter 6-fluoropyridoxol [28] to
galactose, generating an effective substrate for B-gal 4. Given
the different chemical shifts of individual substrates and

Fig. (4). Action of B-gal on PFONPG in saline. !°F NMR showed a single narrow signal at & -42.75 ppm and a chemical shift response
Ad > 5 ppm upon cleavage, which was also accompanied by a colorimetric change to yellow (inset). Sodium trifluoroacetate was used

as a chemical shift reference (& 0 ppm).

The pH sensitivity of the product aglycone presents the
interesting possibility of selective determination of pH at the
site of enzyme activity. In some cases, we have observed a
split peak in cells transfected to express [B-gal, which may
indicate a transmembrane pH gradient (Fig. 6). We have
demonstrated that if the aglycone (PFONP) is added to a
suspension of red blood cells, two signals are rapidly
observed representing the intra and extra cellular pH 3.
However, PFONP is somewhat toxic and can cause lysis of
less robust cells. Thus, PFONPG may be regarded as an
interesting prototype molecule primarily representative of a
new approach to NMR gene reporter molecules for use in
association with [3-galactosidase. We have synthesized series
of analogues with the fluorine atom placed at various
locations on the phenolic ring and incorporating alternate
substituents, such as Cl and Br. Each adduct and aglycone
provides a unique chemical shift allowing ready comparison
of susceptibility to enzyme activity (manuscript in
preparation). For the various substrates, the change in
chemical shift ranged from a minimum of 1.57 ppm to a
maximum of 12.89 ppm. The chemical shift accompanying
cleavage depends strongly on the orientation of the F-atom
with largest response for para-F and less for ortho-F. The
rate of cleavage was closely related to the pKa of the
aglycone commensurate with enzyme studies reported

3 Cui, W., Otten, P., Merritt, M., and Mason, R. P., Proc. 10th ISMRM,
Honolulu, Hawai'i, USA, 2002, p. 385.

products, we believe there will be opportunities to establish
optimized reporter molecules based on one-pot combinatorial
approaches.

The chemical shift difference between substrate and
aglycone product reveals unambiguous detection of enzyme
activity. Signal to noise could be enhanced by introduction
of a trifluoromethyl (CF3) reporter group, as opposed to the
single F-atom. However, a CF3 group will likely perturb the
water solubility to a greater extent and the chemical shift
response is expected to be considerably smaller, due to
transmission of the electron density redistribution through
an additional carbon-carbon bond 5.

The concept of 9F NMR reporter molecules for detecting
gene activity is in its infancy, but we believe it has great
promise for future development.

3.2 pH

Development of !F NMR pH indicators (Table 4) has
followed three strategies: i) development of molecules
specifically designed for !°F NMR, ii) fluorinated analogues
of existing fluorescent indicators, iii) exploitation of the !°F
NMR chemical shift sensitivity inherent in cytotoxic drugs.

4 yu, X. and Mason, R. P., Proc. 111" ISMRM, Toronto, Canada, 2003, p. 675.

5 Cui, W., Otten, P., Yu, J., Kodibagkar, V., and Mason, R. P., Proc. ISMRM,
Toronto, Canada, 2003, p. 675.
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Fig. (5). '°F MRI at 4.7 T of a phantom comprising vials of PFONPG and PFONP in buffer. Frequency selective excitation provides
separate images of substrate (PFONPG) and aglycone product (PFONP).

The high sensitivity of 1F NMR chemical shift to the
microenvironment has prompted widespread application to
pH indicators, as reviewed recently [28]. Many molecules
exhibit chemical shift response to changes in pH, e.g., the
I9F NMR resonance of 6-fluoropyridoxol. On the NMR
time scale, protonated and deprotonated moieties are
generally in fast exchange, so that a single signal is observed

representing the amplitude weighted mean of acid and base
forms. As such, measurements of chemical shift may be
directly related to pH in the form of a titration curve. pH
values are calculated from the spectra on the basis of
chemical shift of d,pg with respect to a standard. The pH is
measured using the Henderson-Hasselbalch equation:

Fig. (6). Conversion of PFONPG by PC3 human prostate cancer cells transfected for 48 h using adenovirus to transiently express lacZ
under CMV promoter. The split peak in the upper spectrum suggests a transmembrane pH gradient (Mason, Otten, Li and Koeneman,

Proc. ISMRM 10th Scientific Meeting, 2002).
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Table 4  1°F NMR pH indicators

Reporter Structure pKa Chemical Shift Response References
(A5 ppm)
i
3-fluoro-2-methylalanine FH,C— C— CO,H 8.5 1.1 [86]
I
CH;
NH,
3,3-difluoro-2- F,HC— C— CO,H 7.3 2 [86]
methylalanine |
CH;
Tl‘]Hz
3,3,3-trifluoro-2- F;,C— C— CO,H 5.9 2 [86]
methylalanine |
CH,
CHF,
2-difluoromethyl N~ (H2C)3 c, 6.4 0.4 [103]
ornithine I " NH,
CO;H
N,N-(methyl-2- I\I/le Me
carboxyisopropyl)-4-
fluoroaniline F N CO,H 5.8 17 [105]
Me
CH2C02 CHZCOQH
N CH,CO,H N— CH,COH
FQuene /@/\j N, i 6.7 4.8 [102]
F
CH,0H
6-FPOL HO N CH,OH 8.2 9.7 [28, 45, 94]

|
H;C N/ F

CO »H

\/
SF-NEAP-1 ©/ 6.9 11 [106]

ASNNcoH  E
(6]
5F-NEAP-2 6.6 11 [106]
CO;H
F

0. O
\Y/,
NHS CH,CH,CO,H

ZK 150471 CF; 7.3 11 [109, 110]
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Reporter Structure pKa Chemical Shift Response(Ad ppm) References
OH
NO;
PFONP 6.9 9.3 [29]
F
CH,0H
CF3POL HO_~ CH,0H 6.8 1.7 6
NS
HsC N CF;

Due to the non-linear form of the equation, greatest
sensitivity is found close to the pKa. If exchange is slow on
the NMR time scale both protonated and deprotonated
structures provide separate signals simultaneously. In this
case, the ratio of signals provides an indication of pH. Such
is often the case in reporter molecules for metal ions (section
3.3, below). Another critical time scale is movement of
reporter molecules between compartments, which gives rise
to signal averaging as encountered for trifluoroethylamine
[85]. Should exchange fall into an intermediate exchange
regimen signal may be severely broadened or lost altogether.
Such exchange rates are strongly temperature and magnetic
field dependent.

dobs — dacid
pH=pKa+logl 0 [——— (1)

dbase— dobs

3.2.1 Fluoro Amino Acids

Deutsch et al. [86, 87] championed the use of 1°F NMR
of fluorinated indicators to measure intracellular pH. The
first studies used trifluoroethylamine, which provided both
intra- and extracellular signals in blood at 4 °C [85].
However, at room temperature transmembrane exchange
accelerated and fell into the intermediate exchange regime
causing severe line broadening. Based on this approach a
series of fluorinated agents was developed, particularly,
using mono-, di- and tri- D, L,- 2-amino- 3,3- difluoro-2-
methyl propanoic acid (Table 4). These molecules have been
successfully applied to pH measurements in peripheral blood
lymphocytes [86, 88, 89], isolated hepatocytes [90], rabbit
colon and frog skin [86]. Thoma and Ugurbil [91] used this
approach in a perfused liver. Comparison of pH
measurements determined using 3!P NMR of inorganic
phosphate (P;) or difluoromethyl alanine showed close
similarity. Toxicity was low and the molecules were stable,
but loading indicators into cells is problematic. Generally,
methyl esters have been used, which are relatively stable in
water, but undergo non-specific enzymatic hydrolysis
intracellularly, liberating the pH-sensitive molecules [87].
This approach can lead to complex spectra including
overlapping multi-line ester and liberated free acid
resonances from both intra- and extracellular compartments

6 Cui, W.; Otten, P.; Yu, J.; Kodibagkar, V.; Mason, R.P., Proc. ISMRM,
Toronto, Canada, 2003, p. 675.

[92]. For investigations in perfused organs or cell culture,
extracellular indicator can be washed away with unlabeled
perfusate, after loading the intracellular compartment, in
order to simplify the NMR spectra. The mono- and trifluoro
derivatives require an additional chemical shift reference
standard, e.g., sodium trifluoroacetate. An advantage of the
difluoro derivative is that the relative chemical shifts of the
resonances of the 1°F AB quartet are pH sensitive obv